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Abstract

Evaluation and Design of Surfactant Formulations for Wettability

Alteration

Soumik Das, Ph.D.

The University of Texas at Austin, 2020

Supervisors: Roger T. Bonnecaze, Quoc P. Nguyen

Only about 35% of oil is recovered from carbonate reservoirs through primary and
secondary flooding because of oil wet surfaces and unfavorable capillary pressures.
Surfactants, with their dual hydrophobic and hydrophilic nature have been known to
improve oil recovery significantly by lowering oil-water interfacial tension and by altering
wettability of surfaces. However, the process of selecting an efficient surfactant for
wettability alteration is dependent on several factors, including mineral type, porosity,
temperature, salinity, nature of adsorbed oil, molecular structure and surfactant adsorption.
Core-flood experiments usually used for evaluating surfactants tend to be time-consuming
and provide very little information on the actual mechanism of surfactant action. A fast
evaluation scheme is hence required to measure surfactant performances corresponding to
the above mentioned parameters.

The current work focusses on macro and molecular scale analysis of surfactants to
understand relevant structure-property relationships and mechanism of wettability
alteration. Surfactants are first evaluated and screened through a series of phase behavior,

contact angle and oil-film experiments. The experimental observations have been used to
viii



correlate parameters like molecular structure, temperature and brine salinity to
macroscopic properties like wettability alteration, adsorption and capillary driving force.
Oil-film experiments have been used to understand the surfactant-aided wettability
alteration.

The role of surfactant adsorption in wettability alteration is investigated by static
adsorption experiments. Adsorption isotherms are measured for different surfactant
hydrophilicities at different temperatures and surfactant cloud point is used to develop a
thermodynamic model explaining the universal surfactant behavior. Along with
experiments, molecular dynamics simulations are also performed to understand the
mechanism of aggregative adsorption of the nonionic surfactants.

To address the issue of high temperature, high salinity applications, mixed
surfactant formulations of nonionic surfactants and anionic hydrotropes are developed.
Detailed investigations are performed to understand the role of hydrotrope structure,
concentration and temperature on the mechanism of aqueous stabilization and adsorption
and their effect on wettability alteration.

Overall, the current work first establishes a macro and molecular-scale
understanding of the phenomenon of surfactant-assisted wettability alteration and
associated structure-property relationships. While shorter surfactant hydrophilic units and
high temperatures are found to exhibit better wettability alteration, in fact it is proximity to
surfactant cloud point which is the determining thermodynamic descriptor. Improved
wettability alteration is correlated with surfactant adsorption which occurs in an
aggregative manner. It also means there is a tradeoff between surfactant adsorption and
wettability alteration. Using this knowledge, surfactant formulations are developed to

observe and predict enhanced oil recoveries from representative porous media.
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Chapter 1: Introduction

1.1. OIL RECOVERY IN CARBONATE RESERVOIRS

More than half of world’s oil reserves are present in naturally fractured carbonate
formations.® Wettability of a rock-brine-oil system determines both the distribution and
permeability of each fluid inside the reservoir.? The wetting fluid generally occupies the
small pores while the non-wetting fluid tends to reside in the larger ones forming connected
pathways. Carbonate reservoirs tend to be oil-wet because of the adsorption of acidic and
surface-active components present in crude oil onto the typically positively charged rock
surface.># The unfavorable capillary forces originating from the oil-wetting nature inside
these reservoirs prevent spontaneous water imbibition. Using primary and secondary oil
recovery techniques, which relies on increasing reservoir pressure, most of the recoverable
oil is displaced before water breakthrough and only about 30-40% of total oil in place is
obtained. The residual oil remains trapped as a discontinuous phase separated by the brine.
Fractures present in such reservoirs compound the problem as injected water often takes a
fractured route from the injection well to the production well without significant oil
displacements. The low oil recovery rates, hence, prompted the development of tertiary

techniques which aim at extracting the trapped residual oil.

1.2. SURFACTANT-INDUCED WETTABILITY ALTERATION

Chemical Enhanced Oil Recovery (EOR) falls under the category of tertiary oil
recovery techniques. This involves injection of various chemicals into the reservoir to aid
the process of oil extraction. These chemicals include polymers, surface-active chemicals,
gas, alkali or different combinations of the above. Table 1.1 outlines a brief summary of

pros and cons associated with these chemicals.



Table 1.1.Common Chemical EOR Techniques

Method Advantage Disadvantage
Polvmer Better mobility control, Lower incremental oil
y fracture blocking recovery

High surfactant
requirement, Adsorption
loss

IFT reduction and wettability

Surfactant flooding alteration

Alkali flooding IFT reduction Poor mobility control

Limited reservoir
applicability

Supercritical CO>

flooding Improved mobility control

Introduction of surfactants in a reservoir system can improve oil recovery by reducing the
oil-water interfacial tension (IFT) and by changing the wettability of the rock surface. An
ultra-low IFT lowers capillary forces and improves oil mobilization by the formation of
oil-in-water microemulsion. Along with IFT reduction, surfactant induced wettability
alteration has been identified as a key mechanism to improve oil recovery,>° particularly
where spontaneous imbibition is the dominant physical process.> "1 Many studies have
pointed out to the presence of an optimum wettability state of a reservoir at which the oil
recovery rate is the maximum.**® This optimum wettability , which arises because of oil
snap-off at strongly water-wet conditions, can be obtained in the most efficient way by a
proper selection and design of surfactants and the corresponding wettability alteration
process. Since wettability alteration can act independently of IFT reduction, it becomes
imperative to have a good understanding of this process. Several core-level and single-
pore-level experimental®” 423 and computational studies*3* are available, demonstrating
the beneficial effects of different surfactant systems on oil recovery from surfaces
involving sandstone, calcite, etc. It is, however, worth mentioning that surfactant action in

its fundamental sense happens at a molecular scale. Key aspects of this type of wettability
2



alteration involve the electrostatic and covalent interactions of surfactant molecules with
the rock surface and the ability of the surfactants to modify the brine-rock interfacial
energy. As such a molecular level study which correlates critical macroscopic parameters
to the molecular entities is crucial to bridge the enormous length-scale gaps of the two
systems of interest. Recently there have been some molecular level studies aimed at
studying surfactant influence on oil-film for surfaces like quartz®®>®” and calcite®®-*. These
studies have provided insights into how interactions between surfactants and substrate
enable formation of water channels critical for oil detachment.

The surfactant-substrate interactions determine the extent of surfactant adsorption
which is a critical factor determining the efficiency of surfactants. Excess adsorption
translates to surfactant loss in a localized region and the consequent unavailability in
regions far from the injection point. At the same time high adsorption is also correlated to
better wettability alteration in contact angle studies.*? Studying the nature and extent of
adsorption as a function of surfactant structure thus becomes imperative to strike the
optimum balance between adsorption and wettability alteration.

In an oil reservoir, there are several factors which can impact the decision-making
process to optimize surfactant chemistry. This includes rock type, reservoir brine chemistry
and temperature, pH, permeability, and nature of oil to list a few. Consequently, different
surfactant formulations are required to adjust to the conditions and maintain desirable oil
recoveries. This becomes particularly important for high-temperature and high-salinity
reservoirs where many surfactants either perform poorly or exhibit phase separation. A
special class of compounds known as hydrotropes has been known to alleviate the issue of
phase separation and have the potential to be considered for surfactant formulations in such
cases. Such a study will ensure optimum surfactant chemistries for a wide range of

reservoir conditions.



Finally, it is necessary to perform laboratory scale experiments to quantify oil
recoveries associated with different surfactant formulations. Spontaneous imbibition tests
done on oil-wet cores can deliver critical information on how wettability alteration and
adsorption is related to ultimate oil recoveries. Along with determining surfactant selection,
these studies also serve as a tool to scale laboratory imbibition performance to a reservoir
level.

The present work is a step towards linking surfactant molecular factors to
macroscopic parameters determining wettability and the eventual oil recoveries from a

porous medium.
1.3. BACKGROUND

1.3.1. Wettability

The classic definition of wettability is that it is the tendency of a fluid to spread or
adhere to a surface in the presence of other immiscible fluids. From a reservoir standpoint,
wettability can be broadly of three types — water-wet, oil-wet or heterogeneous wet as
shown in Fig. 1.1 Purely water and oil wet reservoirs are rare as reservoirs generally tend
to exhibit different wetting behavior in different regions. This heterogeneity is captured in
two different forms — fractional wet, where there are pockets of regions exhibiting different
wettability than the rest and mixed wet, where invading oil has managed to displace water
from some of the surfaces but exists mostly in the larger pores surrounded by the aqueous

phase.



Water-wet Mixed-wet

I:] 0il j Brine (water) - Rock grains

Figure 1.1 Oil-water distribution in reservoirs of different wettabilities (Fundamentals of
wettability — Schlumberger, 2007)*

Reservoir wettability is determined by a combination of different factors. Important
among them are the oil composition, brine and mineral chemistry, temperature and
pressure. Different mechanisms have been proposed over the years trying to explain the
switch from originally water-wet mineral surface to oil and mixed wet conditions. Polar
compounds in resins and asphaltenes behave as wettability altering agents because of their
amphiphilic nature. Low solubility in oil phase often results in precipitation of these
compounds with a resulting change in wettability. Water-wet mineral surfaces inside
reservoirs always have a thin coating of brine over them. Polar and charged components
present in the crude oil can accumulate near the brine-oil interface. The resulting ionic
interactions with the mineral surface often lead to removal of the water film and subsequent

adsorption onto the surface, making them more oil-wet.

1.3.2. Surfactants

Surfactants are amphiphilic molecules which comprise of both hydrophilic and

hydrophobic parts. Because of this duality, surfactants tend to be surface-active and can



alter the interfacial properties of a multi-component system. According to standard

surfactant description, the hydrophilic group is termed as the head and the hydrophobic

group as the tail. Based on the nature of charge on the hydrophilic heads the surfactants

can be broadly classified as

» Anionic surfactants having negatively charged head groups like sulfates and
phosphates of fatty acids

» Cationic surfactants having positively charged head groups like quaternary
ammonium salts of fatty acids

« Nonionic surfactants with neutral head groups like ethoxylated alcohols

« Zwitterionic surfactants having both positive and negative charges like betaines and
sulfobetaines.

These surfactant types are shown in Fig. 1.2. Table 1.2 shows typical examples of
different types of surfactants. The behavior and effectiveness of ionic surfactants are
determined by the electrostatic interactions with the substrate to a large extent. Anionic
surfactants undergo high adsorption on positively charged carbonate surfaces.**** Cationic
surfactants are believed to form ion-pair complexes with negatively charged adsorbed oil
molecules® #° and this entails requirement of high surfactant concentration for maximum
effectiveness®®. The lack of charged moieties in nonionic surfactants provides several
benefits — suitability to different surface types, compatibility with other surfactants and
insensitivity to electrolytes. The most common type of nonionic surfactant is one with
oxyethylene or ethoxylate oligomers as the polar head. Because of the hydrogen-bonding
between oxyethylene groups and water, these surfactants also display interesting
temperature-dependent physicochemical properties. In the subsequent chapters, the major

focus will be on wettability alteration using nonionic surfactants.
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Figure 1.2. Schematic representations of surfactant molecules.



Table 1.2. Examples of different surfactant types along with their structures*®

Class Examples Structures
Anionic
MNa stearate CH,CH,),,COO Na®
Na dodecyl sulfate CH,;(CH,),,50, Na’
Na dodecyl benzene sulfonate CHy(CH,),, C.HS0, Na'
Cationic
Laurylamine hydrochloride CH,CH,),,NH,"CI
Trimethy] dodecylammonium chloride CH N (CH;)CL
Cetyl trimethylammonium bromide CH(CH,) sN"{CH;):Br
Mon-ionic

Zwitterionic

Polyoxyethylene alcohol
Alkylphenol ethoxylate
Polysorbate 80

wHx+y+z=20
R =(C,H,CO0

Propylene oxide-modified polymethylsiloxane
{EO = ethyleneoxy, PO = propyleneoxy)

Dodecyl betaine
Lauramidopropyl betaine
Cocoamido-2-hydroxypropyl sulfobetaine

C,H,,.,(OCH,CH,), OH
C,H,C.H—(OCH,CH.),0H

D H ) OH

HOC,H, O
L fr'lflfi‘;lm_,ﬂlf

CH,{D0,H, LR
(CH: 8000 CH; )50, CHAS100, 51 CH;

CHCHLCH-O(EQN,(PO)

O Hys N (CH;),CH,.CO0
Cy HyuyCONH{CH,);N " (CH;),CH,CO0
C,H,,.,CONH{CH,),N"(CH,),CH,CH(OH)CH 580,

1.3.3. Wettability Measurements

Wettability characterization of reservoir systems is usually done using one of the

following processes:

a)
b)

c)

Contact angle measurement

The Amott method
The USBM method

The main focus in the following sections will be on using contact angle

measurement as a tool to evaluate surfactants.



1.3.3.1. Contact Angle

This is the simplest way to measure the wettability of a surface. A finite contact
angle is observed whenever a liquid drop is placed on a solid surface. The value of the
contact angle, which is measured from the denser phase, gives a quantitative measure of
the wettability. For an oil-water-surface system, a contact angle less than 90° represents a
water-wet surface whereas contact angles greater than 90" are indicative of an oil-wet

surface. Different wettability states and the corresponding contact angles are shown in Fig.

CD'"__T’ | W\ﬁ S

a-~0° Yoo = Yow + To COS B 8~ 180°

1.3.

Figure 1.3. Depiction of oil drop contact angle in a) water-wet b) neutral-wet and c) oil-
wet surface’

Contact angles are related to the different interfacial energies by the Young-Laplace
equation,

Vo =Vsu + Vow COSE , 1)
where y , 7., and y,, represent the solid-oil, solid-water and oil-water surface energies
respectively. & is the contact angle associated with the system. Contact angles are a
function of the surface physical properties like roughness, electric charge and porosity in
addition to the surface chemistry and proper care should be taken to report and interpret
these values. Contact angles can be measured either from a static sessile drop or from a

dynamic setting involving either a dynamic sessile drop or a moving plate (Wilhelmy plate



method). Figure 1.4 depicts typical wettability alteration performance of nonionic

surfactants as obtained through contact angle measurements on an initial oil-wet surface.*’

a) Only Brine b) SAE-12

€) SAE-15 d) SAE-20

e) SAE-40 f) NP-15

Figure 1.4. Initial and final oil drop states at 25°C and brine salinity of 12% NaCl, 0.2%
CacCl; for a) no surfactant b) SAE-12 c) SAE -15 d) SAE-20 e) SAE-40 f) NP-15.SAE and
NP stand for Secondary alcohol ethoxylate and nonyl-phenol ethoxylate respectively. The
numbers denote the number of hydrophilic ethoxylate groups. The oil drops bead up in the
presence of surfactants implying a change in wetting behavior from an initial oil-wet to an
eventual water-wet or intermediate-wet surface.
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1.3.4. Adsorption of Surfactants

Adsorption is the process of exchange or transfer of molecules from bulk solution
to an interface. This phenomenon is critical in the process of wettability alteration and oil
recovery. Analysis of surfactant adsorption can provide information on extent of surface
coverage and the nature of surfactant orientation during the process. The adsorption of
surfactants is a strong function of the substrate type, nature of surfactants, aqueous bulk
phase chemistry and the temperature of the system. It is imperative to know about the
surfactant-substrate interactions responsible for adsorption and obtain representative
adsorption isotherms.

The adsorption of ionic surfactants depends on the surface charge or the zeta
potential which in turn is dependent on the ionic strength of the bulk solution.*® Anionic
surfactants thus have low adsorption on silica surfaces, which acquire a negative zeta
potential over a large pH range.*® On the other hand, they exhibit high adsorption on
positively charged carbonate surfaces.**** Cationic surfactants typically have a lower
adsorption on carbonates.®® But the presence of silica and clay in carbonates can
significantly increase the adsorption of cationic surfactants.>>® lonic surfactants typically
adsorb via direct electrostatic interactions between individual molecules and the surface
resulting in a typical monolayer to admicelle transition which is marked by an eventual
plateau in the adsorption isotherm (Fig. 1.5).54%°

Because of the lack of charged moieties in nonionic surfactants, a different
adsorption mechanism is observed. Surfactant-bulk and lateral hydrophobic interactions
among surfactant molecules seem to drive surface aggregation in such systems. Adsorption
of nonionic surfactants like polyoxyethylene alkyl ethers on silica surface, have been
investigated in detail.>®-®® Aggregative adsorption have been predicted which starts in a

narrow concentration region before the critical micelle concentration. 5152
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Figure 1.5. a) Schematic representation of the growth of ionic surfactant aggregates for
various regions of the adsorption isotherm. In region I, the surfactant adsorbs mainly by
electrostatic interactions between the surfactant headgroup and the charged sites on the
mineral surface. In region Il, an increase in adsorption occurs because of hydrophobic
interactions between new surfactants with adsorbed ones. Region 111 marks the saturation
of active sites with hydrophobic interactions dominating adsorption mechanism. An
adsorption plateau is observed in region 1V.>* b) Adsorption of dodecy! sulfate on alumina
displaying the different regions and the aggregation numbers.>®
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The extent of adsorption and the aggregate sizes decreased with increasing head group
size.%® 594 A primary adsorption mechanism involving hydrogen bonding between
hydrophilic component of the surfactant and the silanol groups, and a secondary process,
which requires lateral interactions between the hydrophobe components, is hypothesized
to be responsible for aggregate formation.(Fig. 1.6)* Nonionic surfactants also exhibit
temperature-dependent physicochemical properties and consequently temperature-
dependent adsorption has been reported in the past.®’®® Similarly, adsorption on
carbonates was found to depend on surfactant hydrophilicity and a decrease in adsorption
was observed for more hydrophilic surfactants.5%-"

Molecular dynamics (MD) simulations can be a powerful tool to study the interactions at
an atomistic level — which can be difficult to obtain from experiments. The adsorptions of
different ionic surfactants on mineral surfaces have been studied using MD in the past.3>*4!
These studies highlighted the importance of surfactant-substrate electrostatic interactions
as well as surfactant-surfactant hydrophobic interactions responsible for different
adsorption regimes as explained above. The mechanism of surfactant adsorption can be
understood by investigating the energetics associated with surfactant-bulk and surfactant-
substrate interactions. Adsorption free energies have been measured for different
surfactant-substrate systems in the past.”*’2 The solvent and substrate contributions
towards the adsorption free energy can also be determined from these simulations. Using
this approach, interesting features like — locally favorable adsorption zone and long-range

barrier to adsorption of surfactant aggregates have been reported for multiple systems.’*-"2
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Figure 1.6. a) Typical adsorption isotherms of nonionic surfactants of different
hydrophilicities on water-silica surface. Schematic of adsorption of nonionic surfactants is
also shown with the orientation of molecules at the surface. At low surface coverages
adsorption is driven mainly by Van der Waals interaction between surfactant and the
surface. Within a very small bulk concentration, an increase in the adsorption is observed
because of pre-aggregate formations driven by surfactant-surfactant hydrophobic
interactions. These aggregates increase in size and form micellar structures as the
adsorption and surface coverage increases. Adsorption decreases with an increase in
hydrophilicity of surfactant headgroups from 4 EO units to 8 EO units.>® b) Schematic of
surface aggregates as a function of surfactant hydrophilicity.®® Aggregates are smaller and
farther apart for more hydrophilic surfactants.
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1.3.5. Mixed-surfactant Formulations for Wettability Alteration

Nonionic surfactants tend to phase separate at a critical temperature which prevents
their direct application in high-temperature, high-salinity systems. The temperature at
which this happens is known as the cloud point and this cloud point can be increased by
adding appropriate molecules, which enhances the aqueous stability of the nonionic
surfactants. These molecules, known as hydrotropes, are typically short ionic surfactants
which form charged micelles with nonionic surfactants to delay the surfactant aggregation
necessary for phase separation.

Figure 1.7 shows the effect of incorporation of an anionic hydrotrope on the cloud
point of nonionic surfactants. Appropriate selection of hydrotrope allows operating at a
temperature significantly higher than what is possible for just the nonionic surfactant.
Currently, very few studies exist on the systematic analysis and evaluation of mixed
surfactants.* 7*7* Along with aqueous stability, a detailed study of these mixed surfactants
is thus essential to understand their wettability alteration and adsorption behavior. From
Fig. 1.7, it can also be seen that the structure and concentration of the hydrotrope affects

the solution behavior, and it is imperative to understand its role on wettability alteration.
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Figure 1.7. Effect of addition of co-surfactants on the cloud point of nonionic
surfactants. The nonionic surfactant selected is secondary alcohol ethoxylate (SAE) with
15 EO units. The co-surfactant is an anionic molecule of different sizes — LM (low
molecular weight), MM2 (medium molecular weight), MM (medium molecular weight
with higher charge density), HM (high molecular weight), VM (very high molecular
weight). The concentration of SAE-15 is kept constant at 4000 ppm whereas two
different concentrations — 2000 ppm and 4000 ppm of co-surfactant is used. The system
salinity is 12% NaCl and 0.2% CaCl,
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1.3.6. Spontaneous Imbibition Tests for Wettability Alteration

Spontaneous imbibition experiments are laboratory scale tests done to evaluate
surfactant formulations by measuring incremental oil recoveries from oil-aged porous
media. Typical porous media include short cores which are used as representatives for the
actual reservoir. Along with wettability alteration measurements, these tests have been
done extensively in the past to study the effect of surfactant-induced wettability alteration.
For a successful imbibition process, the surfactant needs to alter the wettability of the oil-
wet surface to water-wet. This ensures there is a positive capillary driving force necessary
to promote imbibition of the displacing aqueous phase inside the porous media. The
aqueous phase displaces the oleic phase which translates to ultimate oil recoveries. Along
with a low contact angle, a low-moderate oil-water interfacial tension (IFT) is also essential
for a high capillary driving force.

Different surfactants have been evaluated in spontaneous imbibition experiments
in the past. Along with the type of surfactant, other factors like rock permeability, initial
water saturation, temperature also play a crucial role in determining the extent as well as
the rate of oil recovery through spontaneous imbibition.”>"® Figures 1.8 and 1.9 shows
typical oil recovery in a spontaneous imbibition experiment and the associated oil recovery
curve. These imbibition experiments constitute a critical step for surfactant evaluation
necessary before conducting pilot plant tests and as such scaling laws have also been
developed to scale the imbibition rate and oil recoveries from the laboratory to reservoir

scale.”’""9
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Figure 1.8. Typical oil recoveries through spontaneous imbibition in the presence of
surfactants. In this case, spontaneous imbibition is gravity-driven and hence oil is
generated mostly from the top surface of the core.
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Figure 1.9. Oil recovery plots from spontaneous imbibition experiments on chalk cores
using the cationic surfactant — cetrimonium bromide(CTAB) at two different
temperatures.’
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1.4. DISSERTATION OUTLINE

Primary and secondary oil recovery techniques produce about 20-30% of oil from
carbonate-based reservoirs. The low oil production and the fact that more than half of
world’s oil reserves are carbonate-based, call for development of tertiary oil recovery
methods. Surfactants with their amphiphilic nature have been known to alter interfacial
properties responsible for these lower oil recoveries. This dissertation investigates different
families of nonionic surfactants with the goal of developing surfactant formulations for
enhanced oil recovery through wettability alteration. It studies the effect of surfactant
structure, composition, brine salinity and temperature on adsorption and wettability
alteration on carbonate surfaces. It also aims to predict oil recoveries associated with
different surfactant systems by combining results from spontaneous imbibition
experiments with wettability alteration behavior. The outline for rest of the dissertation is
as follows:

In Chapter 2, wettability alteration on carbonate surface is studied for different
nonionic surfactants as a function of brine salinity and temperature. Kinetic studies are
performed to obtain activation energies associated with wettability alteration.
Complementary oil-film studies are also performed together with the Kkinetic study to
propose a conceptual model explaining the wettability alteration phenomena.

In Chapter 3, the adsorption of surfactants on carbonate surface is investigated to
understand its role on wettability alteration. A detailed evaluation of the surfactant structure
and system temperature on adsorption is performed. The concepts of packing factor and
surface coverage are used to understand the nature of surfactant adsorption. At the same
time a universal adsorption behavior associated with an intrinsic thermodynamic property

(CPTD - Cloud point temperature difference) is developed to predict surfactant adsorption.
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The correlation between surfactant adsorption and wettability alteration is also established
in this chapter.

In Chapter 4, the applicability of nonionic surfactants is extended to high
temperature systems by incorporating different co-surfactants. The wettability alteration
and adsorption associated with these mixed systems at high temperatures are studied in
detail. The concept of CPTD is applied to mixed systems to predict the capillary driving
forces and to compare their performances with single surfactant systems. The effect of the
co-surfactant structure on the mechanism of aqueous stabilization and surface aggregation
is also discussed.

In Chapter 5, molecular dynamics simulations are performed for select nonionic
surfactants to understand the mechanism of adsorption on carbonate surfaces. Using
appropriate sampling methods, the adsorption energies corresponding to monomer and
aggregative adsorption are obtained. The energy landscape gives a complete picture of the
adsorption process and agrees qualitatively with experimental findings. The role of
surfactant hydrophilicity and system temperature is also analyzed in this study.

In Chapter 6, oil recoveries from oil-wet porous media are investigated by
performing spontaneous imbibition tests in small carbonate cores. Both single and mixed
surfactant formulations are used in this study. The effect of surfactant composition, brine
salinity, capillary driving force, surfactant adsorption and initial water saturation on oil
recovery is studied in detail. Rate studies are also done to collapse oil recovery curves and
to scale laboratory scale results to reservoir level. Finally using a combination of capillary
driving force and CPTD, an attempt has been made to predict oil recoveries for these
systems.

In Chapter 7, important conclusions from different chapters are summarized and

recommendations for future works are presented
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Chapter 2: Wettability Alteration of Calcite by Nonionic Surfactants*

2.1 INTRODUCTION

More than 60% of world’s oil reserves are held within carbonate formations.?
Wettability of such rock-brine-oil systems determines both the distribution and relative
permeability of each fluid inside the reservoirs.? The wetting fluid generally occupies the
small pores while the non-wetting fluid tends to reside in the larger ones forming connected
pathways. One of the major features of carbonates is their inherent oil-wetness which is
believed to be due to the adsorption of acidic components present in crude oil onto the rock
surface.®> * Because of the oil-wetting nature, the capillary forces inside these reservoirs
prevent spontaneous water imbibition. Typical water flood recovery for fractured carbonate
reservoir is less than 40 % of original oil in place (OOIP). Unfavorable capillary forces
ensure that residual oil remains trapped as a discontinuous phase separated by the brine.
The low oil recovery rates demand development of tertiary techniques which can extract
the trapped residual oil.

Surfactants can improve oil recovery by lowering the oil-water capillary forces and
by changing the wettability of the reservoir rock. Standnes and co-workers investigated
the effect of both cationic and anionic surfactants on oil recovery from oil-wet chalk and
dolomite cores.>” The ability of the cationic surfactants to form ion-pairs with negatively
charged adsorbed oil molecules was put forth as a possible reason to explain their excellent
performance. They also reported improved oil recovery at higher temperature and with

increased sulfate concentration.® Core-flood experiments with anionic surfactants have

* Much of this chapter has appeared in Das, S., Nguyen, Q., Patil, P.D., Yu, W. and
Bonnecaze, R.T. 2018 “Wettability alteration of calcite by nonionic surfactants,” Langmuir
34(36) 10650-10658. S.D. designed and performed the experiments, analyzed the data and
wrote the manuscript.
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reported recovering close to 60% of original oil through a combination of capillary and
gravity effects.®! The lowering of oil-water interface tension (IFT) is believed to be the
crucial factor for these anionic surfactants. Zhang et al*?. provided significant insights into
capillary and emulsification driven natural imbibition mechanisms. Anionic surfactants
were reported to enhance the imbibition process mainly by an emulsification process.
Contact angle experiments have been done in the past as a qualitative tool to understand
surfactant performance in alternating mineral surface wettability. Final contact angle
values were reported for different anionic and nonionic surfactants on calcite,***® quartz
and mica.?®2% Microfluidic experiments??2* studying spontaneous imbibition of surfactant
solutions inside hydrophobic capillaries?®?" and dynamics visualization of different flow
regimes®22% 28 have been performed to study the pore-level mechanisms of diffusion and
adsorption. Adhibhatla and Mohanty simulated the effect of wettability alteration on
spontaneous imbibition by correlating the phase permeabilities to the contact angle.?®
Kalaei et al. used this concept to form a wettability alteration model in which the contact
angle varies with surfactant concentration.®® Delshad et al. modeled the wettability
alteration using a scaling factor estimated from the ratio of adsorbed surfactant
concentration to the total surfactant concentration.®132 Zhmud et al.®® presented a detailed
theoretical analysis of the capillary rise of surfactant solutions, which was then expanded
by Hammond and Unsal***¢ to model the two known mechanisms of wettability alteration,
namely — the coating and cleaning mechanism. According to their model there is a critical
surfactant concentration limit for the coating mechanism to work. The cleaning mechanism
promoted oil displacement at all surfactant concentrations. Recently, Hammond and Unsal
also developed a dynamic pore-network model to predict oil recovery in porous media by
the use of surfactants.” They were able to reproduce the displacement patterns obtained in

previous works.# 2°
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For ionic surfactants, the electrostatic interactions with other components dominate
their behavior and effectiveness to a large extent. Anionic surfactants typically suffer from
detrimentally high adsorption on positively charged carbonate surfaces.'® 3 Cationic
surfactants are believed to operate under an ion-pair mechanism forming complexes with
negatively charged adsorbed oil molecules.® 7 While, this leads to better wettability
alteration, it also implies requirement of high surfactant concentration for effectiveness.*
In fact requirement of cationic surfactant concentration as high as 1-2.5 wt% has been
reported®. The absence of charged head groups in nonionic surfactants make them suitable
for multiple surfaces. The most common type of nonionic surfactant is one with
oxyethylene or ethoxylate oligomers as the polar head. The performance of these
surfactants to alter wettability typically lie somewhere in between the two cationic and
anionic surfactants.}” These surfactants show an additional interesting feature of
temperature-dependent physicochemical properties. Indeed, wettability alteration in
nonionic systems has been found to be enhanced significantly by increasing the

temperature.®

2.2. OVERVIEW OF APPROACH

The presence of large number of surfactants makes it imperative to devise a rapid
evaluation technique to measure surfactant efficiency in making surfaces water-wet. A
systematic way of characterizing surfactants based on their hydrophobic and hydrophilic
components is necessary to predict wetting performances and identify critical parameters
for surfactant selection and design. In this work, a series of nonionic surfactants belonging
to different hydrophobe families is selected for evaluation. A simple three-step evaluation
process is designed to extract maximum information about structure-property relationships

and details about possible mechanism of surfactant action. Surfactants are first tested using
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a phase behavior experiment to confirm the presence/absence of microemulsion formation
at different operating temperatures and brine salinities. A sessile drop contact angle
experiment is then done to measure the evolution of contact angle with time for the
different surfactant systems. Temperatures and brine salinities are varied to study their
effect on the wettability change. Quantitative experimental observations are efficiently
summarized by a few thermodynamic and kinetic parameters. The process of wettability
alteration involves overcoming energy barriers. The concept of activation energy is
introduced to understand the energetics involved and gain significant insights into the
nature of the rate limiting steps. A qualitative oil-film stability experiment is then done to
study the behavior of wettability alteration in oil-wet surfaces in the presence of surfactant
solutions. Together with the kinetic study, results from the oil-film tests are then used to
propose a simple conceptual model explaining wettability alteration in the presence of

surfactants.

2.3. MATERIALS

Table 2.1 lists the surfactants used in this study along with their molecular
structures and their CMC values. All the surfactants were provided by The Dow Chemical
Company. The two groups of surfactants evaluated in the current study are secondary
alcohol ethoxylates represented by the notation SAE-x and nonylphenol ethoxylates
represented by NP-x. The hydrophilic components in both groups are repeating units of
ethylene oxide. The hydrophobe units are secondary alcohol and nonylphenol for SAE-x
and NP-x respectively. Calcite plates (Iceland Spar) obtained from Wards Natural Sciences
were used as a representative carbonate surface. Crude oil used in the experiments was
obtained from a carbonate oil formation. Sodium chloride and calcium chloride (Fisher)

were used as received.
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Table 2.1. List of nonionic surfactants evaluated in the study. CMC values are reported at
25°C.

Specification | CMC(ppm)

Surfactant name Structure )
o 12 104
SAE-x (Secondary O/I:/V J\ 15 162
alcohol ethoxylate x H 20 315
g /L 30 558

40 1314

R Rg
12 85
NP-x 15 90
(Nonylphenol 30 157
ethoxylate) {/\/O]‘H 40 232
O X 50 256

2.4. METHODOLOGY

2.4.1. Brine/Surfactant/Oil Phase Behavior

Brine-surfactant-oil mixtures exhibit rich and complex phase behavior depending
upon the temperature and brine salinity. Both of these factors determine the solubility of
surfactants in aqueous or oleic phase. At low brine salinity and low temperatures
surfactants tend to have high aqueous phase solubility and any microemulsion formation
will reside in this phase (Winsor | system). At high salinities and temperatures the situation
reverses and any microemulsion will be in the oil phase (Winsor 11 system). At intermediate
conditions surfactants might form a separate microemulsion phase in equilibrium with both
excess oleic and aqueous phases (Winsor 111 system). The presence of a microemulsion
phase indicates a low oil-water IFT in the system. Following steps were followed to carry
out these experiments:

e Brine solutions of different salinities are prepared by varying NaCl concentration.

The CaCl, concentration is kept constant at 0.2% by weight. Different brine

compositions ranging from 0.1% - 12% NaCl are used.
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e Surfactant is added to the brine (surfactant concentration > CMC or about
4000ppm) and then 2mL of the surfactant-brine solution is placed in a pipette.

e Equal volume of oil is added to the pipette and the pipette is then sealed.

e The contents of the pipette are then mixed thoroughly over a period of time.

e After mixing the pipette is allowed to rest at the required temperature. Periodic

mixing and observations are done to check on phase behavior.

2.4.2. Contact Angle Experiments

Evaluation of surfactants using contact angle comprised of two separate
procedures:

a) Calcite plate preparation

« Calcite plates (3cm x 3cm x 1cm) are first cut from calcite blocks by breaking
across the cleavage planes and then cleaned using ethyl alcohol.

» These calcites are then placed inside crude oil at 120°C and aged for 2-3 days.

» After this the plates are removed from crude oil and excess oil is dripped off by
gravity. They are then kept at 100°C for 3 days following which a uniform oil
wet surface is formed.

b) Contact angle measurement

« A quartz cell is filled with surfactant brine solution and placed inside an
environmental chamber set at a desired temperature.

« Anoil-aged calcite plate is then placed inside the solution with the aged surface
facing down.

« Oil drops are placed on this surface using a syringe with inverted needle.

« The shape of the oil drop is then monitored using a high magnification camera

and the contact angle extracted from the images.
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» These measurements were done at three different temperatures — 25°C, 40°C

and 50°C and at three different brine salinities — 0.5%, 6% and 12% NaCl with

0.2% CaCl..

Substrate

(] Qil Drop
Surfactant/Brine
Qil film

¥ Calcite
Surfactant/Brine ]‘ - I

a) b) c) d)

Figure 2.1. a) Cut and polished calcite plate. b) Calcite aged in crude oil. ¢) Schematic of
contact angle experiment. d) Schematic representation of oil-film over a calcite surface.

The ageing of calcite in crude oil alters the water-wet sur-face to an oil-wet one.
Polar compounds in resins and asphaltenes behave as wettability altering agents because
of their amphiphilic nature.>* The presence of thin water-film on calcite surface can enable
accumulation of polar and charged components present in crude oil near the oil-water
interface. The resulting ionic interactions with the mineral surface often lead to removal of

the water film and subsequent adsorption onto the surface, making them oil-wet.

2.4.3. Oil Film Experiments

For the oil film experiments, a similar procedure to age the calcite plates is followed
as before. However, the excess oil is now allowed to evaporate at a temperature of 100°C
rather than being dripped off so that a relatively thick layer is available for observation.
After ageing the plates are kept in surfactant/brine solutions and the surface is monitored
to check for the oil-film decomposition. One such plate is shown in Fig. 2.15a.
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In order to confirm the mechanism of oil detachment, two additional experiments
are performed. For the first, oil-aged plates are prepared as described for the oil-film
experiments. Once, prepared artificial striations are introduced on the film using a sharp
pin, making sure that the film layer has been disturbed to expose the bare calcite.
Representative image can be seen in Fig. 2.16f.

For the second confirmation experiment, a bare calcite plate is first cleaned and a
drop of oil was placed at the center of the plate as a patch. The calcite surface is then
allowed to age at an elevated temperature of 120°C for 48 hours. At the end, a calcite

surface exhibiting mixed wettability is obtained.
2.5. RESULTS AND DISCUSSIONS

2.5.1 Phase Behavior

Figures 2.2 and 2.3 show examples of phase behavior for select surfactants at
different salinities and at two different temperatures - 80°C and 50°C. At 80°C for SAE-12
and SAE-15, separate microemulsion phases are clearly visible for intermediate salinities.
At high salinities, a solid wax like layer of similar appearance often forms at the oil-water
interface, like at 10% NaCl + SAE-15. The difference from a microemulsion can be
understood from the fact that these solid depositions can only be removed through vigorous
shaking. For SAE-20 a slight microemulsion formation was observed at about 6% salinity.
No microemulsion phases were observed for NP-40 and higher surfactants from the same
family. At a lower temperature of 50°C, the extent of microemulsion formation is reduced
significantly. SAE-12 showed a slight yellowish oil-water interface at the highest salinity.
An excess oil-phase corresponding to surfactants being in the aqueous phase was observed
for all other surfactants at this temperature. Table 2.2 displays the phase behavior results

for all the surfactants analyzed. Since most of the surfactants didn’t exhibit prominent
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microemulsion formation at 50°C, all of them were used for the next set of contact angle
evaluations. Two additional nonionic surfactants were also evaluated and their results are

shown in Appendix 1.

2.5.2. Contact Angle

Figure 2.4 shows the initial and final contact angles, for selected surfactants at 25°C
and a brine salinity of 12% NaCl, 0.2% CaCl,. The contact angles are measured from the
denser aqueous phase as shown in Fig. 2.4a. In all cases the initial contact angle is around
150-165°, indicating an initially oil-wet surface. In the absence of surfactant, there was no
detectable change in contact angle (Fig. 2.4a). Upon addition of surfactants, the final
contact angles decreased, indicating an increase in the hydrophilicity of the original oil-
wet surface.

As mentioned previously the properties of nonionic surfactants depend on
temperature of the system. It is known that these surfactant solutions start becoming
“cloudy” on being heated beyond a certain temperature. The temperature at which this
happens is referred to as the cloud point. It is a consequence of decreased hydration of
oxyethylene chains with increase in temperature. Table 2.3 shows the cloud points of the

surfactants studied at the selected brine salinity.
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0.1% NacCl 6% NaCl 12% NaCl 0.1% NaCl 6% NaCl 12% NaCl

0.1% NaCl 6% NaCl 12% NaCl 0.1% NaCl 6% NaCl 12% NaCl

Figure 2.2. Phase behavior results at 50°C for a) SAE-12 b) SAE-15 ¢) SAE-20 and d) NP-
40

0.1%NaCl 4%NaCl 6%NaCl 8%NaCl  10%NaCl

Figure 2.3. Phase behavior results at 80°C for a) SAE-12 b) SAE-15 ¢) SAE-20 and d)
NP-40.
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Table 2.2. Phase behavior results - - No microemulsion phase, |l - Separate
microemulsion, - Slight three-phase separation |Jjjj - Wax like deposition. The
columns indicate brine salinity (% NaCl by weight).

Surfact
ant
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a) Only Brine b) SAE-12

¢) SAE-15 d) SAE-20

e) SAE-40

g) NP-40 h) NP-50

Figure 2.4. Initial and final oil drop states at 25°C and brine salinity of 12% NaCl, 0.2%
CacCl; for a) no surfactant b) SAE-12 ¢) SAE -15 d) SAE-20 e) SAE-40 f) NP-15 g) NP-
40 and h) NP-50
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Table 2.3: Cloud points of nonionic surfactants measured in 12% NaCl, 0.2% CaCl>
brine.

No. of EO Cloud point of | Cloud point of
units(x) SAE-x (°C) NP-x (°C)
12 55 52
15 66 69
20 77 -
30 85 78
40 79 80
50 - 77

Figure 2.5 shows bar plots of the final contact angles obtained for a series of SAE
and NP surfactants with varying lengths of ethoxylate groups. For both families of
surfactants, the final contact angles decrease as the temperature is increased. This behavior
can be explained by the decrease in solubility of nonionic surfactants in water with a
concomitant increase in adsorption over the oil-wet surface and a better wettability
alteration*!. The cloud point values can be used as a reference for the solubilities of the
surfactants. Similar behavior has been observed in the past for wettability alteration
involving nonionic surfactants.®

Figures 2.6a-c depicts the final contact angle in the system as a function of the
hydrophilic length of surfactants for the alcohol ethoxylate and NP families of surfactants
at different temperatures. In each case the final contact angle tends to increase as the
hydrophilic portion of the surfactant is increased. This equates to a low wettability

alteration in the system. The rather suppressed change going from 12 EO surfactant to 15
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EO surfactant, in both the cases, can be attributed to the close proximity of the two
surfactants in the homologue series and significant overlap in their molecular composition.
The extent of wettability alteration depends upon the capacity of the surfactant molecules
to adsorb onto the oil-wet surface. This adsorption capacity is expected to decrease with
increasing hydrophilicity and corresponding solubility in the aqueous phase, giving rise to
higher final contact angles. Subsequently, it can be said that wettability alteration improves
by increasing the hydrophobicity of a surfactant. From SAE-30 to SAE-40 and NP40-NP50
a deviation from the usual trend is observed. The final contact angle values for SAE-40 are
lower than SAE-30. NP-50 shows a slightly smaller contact angle values than NP-40. It
has been found that the cloud point of similar oxyethylene based nonionic surfactants first
increases with increasing EO units, reaches a maximum around EO =30-40 and then
decreases upon further increase of EO units.*? This is true from our measurements of cloud
points also.

At low and intermediate temperatures NP surfactants perform better than alcohol
ethoxylate surfactants with the same number of hydrophilic groups. The difference
becomes less prominent at higher temperatures. This implies that for the specific crude oil
analyzed in the study, the final wettability change is rather indistinguishable between the
secondary alcohol and nonylphenol hydrophobe groups and is mainly determined by the
number of hydrophilic units present in the molecules. For NP-12 the highest temperature
at which the experiment is done is 45°C to avoid going beyond the cloud point.

The effect of salinity on wettability alteration was studied by repeating the contact
angle experiments at different salinities. In most surfactants the effect of increasing salinity
had a negligible effect on the final contact value as can be seen in Fig. 2.7a. Similar

observations were made at higher temperatures also for SAE-15 and SAE-20.
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Figure 2.5. Final contact angles for a) NP-x and b) SAE-x at different temperatures. The
light blue bar is for NP-12 at 45°C
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SAE-12 showed deviations from the usual trend at intermediate salinities. The final contact
angles for SAE-12 and SAE-15 at different salinities and temperatures are shown in Fig.
2.7h.

Wettability alteration has been found to be dependent on the brine salinity and in
particular to the concentration of potential-determining divalents.? 2% Sulfate and calcium
ions have been found to be effective in changing oil-wet chalk to preferential water-wet,
particularly at high temperatures.®® Sulfates have been known to influence charge
distribution on mineral surfaces. In case of carbonate surfaces, the sulfates can reduce the
positive charge density which can lead to increased surface accumulation of cations like
Ca?*, Mg?*. These cations can remove adsorbed carboxylates by forming ion-pairs with
them thus altering the wettability. Sulphates can also simply promote carboxylate
desorption via a single displacement mechanism on the positively charged carbonate
surface. In order to study this contact angle experiments were done for two different
sulfates concentration, 0.5% and 2% by weight, at 40°C for the different surfactants. Fig.
2.8 shows the change in the shape of the drops because of the presence of sulfates and Fig.

2.9 shows the final contact angles for different sulfate concentrations. It can be seen from

the figures that irrespective of surfactant type, SO?~enhances the wettability alteration and

the enhancement increases with an increase in the SO7 concentration.
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In order to decipher a mechanism explaining surfactant action to improve
wettability alteration, contact angle data are collected at regular intervals until equilibrium
is reached. The change of contact angle with time at different temperatures is plotted for
different surfactants in Figs. 2.10 and 2.11. The plots in Fig. 2.10a-c depict the transient
contact angle measurements for SAE-15, SAE-20 and SAE-40 at 25°C, 40°C and 50°C
respectively. Fig. 2.11a-c similarly represent the transient behavior of NP-15, NP-40 and
NP-50 the three temperatures. It can be seen from the plots that most of the change in
contact angle happens in the first 5-10 minutes, after which the contact angle slowly decays
to its equilibrium value. The two different timescales are easily observed in these two
plots. It is also evident from the plots that the evolution of contact angle occurs at a faster
rate as the temperature is increased from 25°C to 50°C. In order to understand the
dependence of contact angle evolution on surfactant structure contact angle is plotted for
different EO units at same temperature. Figs. 2.12a-b depict such transient contact angle
measurements for SAE-x at 50°C and NP-x at 40°C respectively. For the alcohol ethoxylate
series of surfactants, there is a monotonic trend observed in the plot; contact angle evolves
faster for surfactant molecules with smaller hydrophilic units. The trend is, however, not
so evident for the NP family, in which the presence of an aromatic phenol group gives rise
to a non-monotonic evolution behavior with an increase in the hydrophilic units.

In order to quantify the evolution of contact angle, a first order decay equation,

0=6,+[6,—0,]exp(-t/7) , (1)
is then used to fit the contact angle data with time and extract the values of time-constants,
1 for each of the surfactants. Here 0 is the measured contact angle as a function of time t.

6, and 6, are the initial and final contact angles respectively. The fitted curves for the two

surfactant classes are shown in Fig. 2.12a and Fig. 2.12b.
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The fitted time-constants for the two groups of surfactants at different temperatures
are shown in the bar plots in Fig. 2.13a-b. The time-constants are found to increase with an
increase in hydrophilic units for alcohol ethoxylate series while the variation is much more
muted for NP surfactants with shorter hydrophilic chains. A clear monotonic trend is also
observed as the time-constants decrease with temperature for all surfactants. This particular
trend is akin to an activated process and can help point out the principal mechanism for
wettability alteration in a drop setup. Time-constants for each surfactant are extracted at
different temperatures by collecting the dynamic contact angle data at three different
temperatures.

The corresponding time-constant vs temperature plots are shown in scatter plots in
Fig. 2.14a and Fig. 2.14b. It is clear from the plots that contact angle reaches steady state
faster at higher temperatures. The activation energies associated with each surfactant is

then estimated by fitting the time-constant values in an Arrhenius plot,

T =1, exp( FIQE'T' j (2)

as shown in Figs. 2.14a and 2.14b. The individual activation energies E, are reported in

Table 2.4. Further discussion about the kinetic studies is done in following sections.
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Table 2.4. Activation energies extracted from timescale values for the evaluated

surfactants.

Ea (kcal/mol)
EO length (x)

NP-X SAE-x
12 6.1+2 8.2+3
15 29+0.3 1364
20 - 109+14
30 4+1 -
40 331 8.6 +2
50 54+03 -

2.5.3. Oil Film Experiments

Fig. 2.15 shows the top and side views of an oil-aged calcite plate for different
surfactants. The topmost figure corresponds to the case when there is no surfactant present.
No significant change in the oil-film is observed in this case as can be seen from the
undisturbed top and side views. The effect of surfactant addition is clear in the next set of
images. From the oil-film images corresponding to SAE-15 and NP-40, it seems the oil
layer starts retreating across the surface with a gradual decrease in the oil coverage. This
process typically takes place over an hour and after that oil is found in a beaded up state on
the sur-face with bare calcite exposed in multiple regions. Molecular simulations involving
cationic surfactant, oil and mineral substrates have shown that after the initial hydrophobic
interaction-based aggregation of the surfactant molecules on the oil-water interface, the
surfactant molecules are able to destroy the ordered arrangement of oil molecules on the

substrate.**-** This then enables water molecules to enter the oil/substrate interface leading
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to the formation of water channels, which slowly widens over time leading to oil
detachment. One could expect similar behavior for nonionic surfactants.

Oil detachment from calcite can also occur if the surfactant molecules can access
the contact line through surface “defects”. These defects can be thought to be analogous to
mixed-wet surfaces present in many oil reservoirs and also in reservoirs with high water
saturation. To confirm this hypothesis these defects can be artificially added onto the oil-
wet surface. Two additional experiments were carried out — one where the state of an oil
patch was monitored in the presence of surfactants and other where defects were manually
added to the oil layer and the resulting behavior was observed. The results can be seen in
Fig. 2.16. Brine solution in itself didn’t have any effect on the oil patch as can be seen from
the topmost images in the figure. In presence of NP-40 at 50°C, the oil patch started
retracting and eventually ended up in a beaded state. In the next experiment, line defects
were added onto the oil layer and it was found that the oil layer started retracting along
these defects very prominently. The top view at 10 mins for NP-40 clearly shows four

separate oil groups which have been formed because of the added defects.
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Figure 2.15. Images from oil-film experiments at 12% NaCl salinity at 50°C. Colored
images show the top view and black-white images show the side view for a) No surfactant
att = 0 b) No surfactant at t = 120 mins c) SAE-15 att = 0 d) SAE-15 at t = 25 mins e)
SAE-15 at t = 60 mins f) NP-40 at t = 0 g) NP-40 at t = 10 mins and h) NP-40 at 60 mins
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Figure 2.16. Images from oil-patch experiment with 12% NaCl salinity at 50°C. Colored
images show the top view and black-white images show the side view for a) No surfactant
att = 0 b) No surfactant at t = 15 hrs. ¢) NP-40 at t = 0 d) NP-40 at t = 10 mins €) NP-40
at 50 mins. f) Initial g) Intermediate and h) Final states of an oil-film experiments done
with a “defective” aged surface. Note the artificial striations in f)

Important conclusions can be inferred from the activation energy values and the
time-scales involved in the evolution of contact angles. The activation energies associated
with the self-diffusion of typical concentrated nonionic surfactants are in the order of 26-
40kcal/mol*®, which is significantly larger than the values reported here. This along with
the fact that all the solutions are well-mixed prior to each experiment eliminates any
diffusion-controlled process being responsible for the wettability alteration. Another
possible explanation for the change in contact angle of the drops is a viscous spreading
mechanism, the expression for which was derived by Tanner.® The scaling equation for

this flow can be obtained from the thin-film lubrication approximation
dR h® 8 o°h
= 3)
dt  3uox\’ ox

57



Typical time-scale values for such a process are given by

o HOR(SX) “

Youll
where y,, is the oil-water interfacial tension, R is the typical radius associated with the
drop during the change and p is the viscosity. This value is of the order of 0.01 to 1 s and
is significantly smaller than the timescales obtained from the experiments. In the absence
of diffusion and viscous driven mechanism, interfacial adsorption is the most likely
explanation kinetic limitation for the wettability alteration. This proceeds by a combination
of coating and sweeping mechanism as described below. Initially, the hydrophobic moiety
of surfactants adsorb on hydrophobic surfaces with their head groups pointing towards the
solution. This generates a temporary hydrophilic surface on account of surfactant coating
which promotes favorable interaction with the water molecules near the surface as shown
in Fig. 2.17a. The dangling hydrophilic components reduce the water-calcite surface
energy near the three-phase contact line. Water aided by the surfactant molecules on the
nearby hydrophobic locations then displaces or “sweeps” the oil away exposing the solid
surface underneath. This is made possible by the very strong hydrophilic zone created by
the adsorbed surfactants near the defects as shown in Fig. 2.17b-c. The final contact angle
and the activation energy values corroborate with the above mechanism. Activation energy
values seem to be fairly constant over the length of hydrophilic chains evaluated in the
study for both the surfactants. The values however differ for the two hydrophobe classes.
This points to a more hydrophobic-interaction dominated energy barrier. Initially
surfactant adsorption on the surface is driven mainly by the hydrophobic interactions
between the oil-wet surface and the hydrophobic chains. Once near the surface, as the oil
is swept away, more of the substrate gets exposed to water and the hydrophilic interactions
with calcite and water molecules increase and start dominating. Thermodynamically
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speaking, the water-calcite surface energy decreases with the adsorption of surfactants
which leads to the receding of three-phase contact line. This enhanced water-calcite
interaction explains the similar final contact angle values reported at the highest
temperature for both the surfactants when the hydrophile lengths are the same and when
the effect of the hydrophobic energy barrier is the least. The exact nature of the energy
barrier however needs further evaluation. It can be either due to surfactant-hydrophobic
layer interaction, or the sweeping process or a combination of both. The case of 12 EO
units for both SAE and NP seem to be an exception. It can be seen that the final contact
angle is independent of the hydrophobe group at all temperatures. Another observation
from the contact angle experiments is that the final contact angle value increases with an
increase in the hydrophilicity of the surfactant. Both these behaviors can be explained by a
combination of surfactant interactions in the bulk and on the surface. Surface activity of
the surfactants reduces as the hydrophilicity is increased owing to better hydration by the
water molecules. For SAE-12 and NP-12, this means higher availability of surfactants near
the three-phase interface leading to higher decrease in water-calcite surface energy. It
would seem that the hydrophobic energy barrier is least consequential for 12 EO units.
However, this is not the case for molecules with larger hydrophilic units. Also, as the
surfactant molecules accumulate in the strong hydrophilic zone near the defects, the
hydrophilic repulsions between the polar head groups increase and become a significant
factor for the molecules with bulkier hydrophile groups. The final wettability state is then
determined by the effective surfactant-water-surface interactions instead of being a
monotonic function of its hydrophilicity. These effective interactions are investigated in
the following chapters through a combination of adsorption experiments and molecular

dynamics simulations.
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Figure 2.17. Schematic of the proposed mechanism of wettability alteration. Blue spirals
represent the hydrophilic moiety of the surfactants. a) Initial oil-wet surface with micro-
defects. b) Hydrophilic zone formed by surfactant coating c¢) Oil “sweeping” as shown in
green arrows - by surfactant and water.
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2.6. CONCLUSIONS

Nonionic surfactants of two distinct groups have been evaluated in the study to
measure their wettability alteration properties on oil-aged calcite surface. The hydrophilic
groups were varied to study the effect of surfactant hydrophilicity along with the nature of
hydrophobe. Wettability alteration is found to depend significantly on the surfactant
structure. The final contact angle decreases with decrease in surfactant hydrophilicity as
well as with an increase in temperature, implying better wettability alteration at these
conditions. Kinetic analysis of the experiments revealed enhanced wettability alteration
rates at higher temperatures. The time-scales for different surfactants were then used to
extract the activation energy or the energy barrier associated with the wettability alteration
process. Together with a series of qualitative oil-film experiments, these energy values
were then used to generate a simple model explaining the mechanism of surfactant action.
A combination of coating and sweeping mechanism is proposed for the same. The current
work is an important step in the direction of evaluation and design of nonionic surfactants
for wettability alteration of carbonate surfaces. Similar methodology, in principal, can also
be implemented to study wettability alteration and cleaning of any mineral oxide surfaces
in the presence of surfactants. Wettability alteration is dependent on the molecular structure
and the temperature of the system. These factors determine the extent of surfactant
adsorption which needs investigation. Surfactant interactions with different interfaces are
actually driven by molecular-scale processes. A complete understanding of mechanism of
wettability alteration can hence be obtained from adsorption experiments complemented

with suitable atomistic simulations. These are discussed in the following chapters.
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Chapter 3. Universal Scaling of Adsorption of Nonionic Surfactants on
Carbonates using Cloud Point Temperatures

3.1 INTRODUCTION

Surfactants are amphiphilic molecules comprised of hydrophilic and hydrophobic
parts. Because of this duality, they tend to be surface-active and can alter the interfacial
properties of a multiphase system. This makes them an important ingredient in industrial
applications like detergency, lubricants, inks, adhesives and emulsifiers. Introduction of
surfactants in a hydrocarbon reservoir can improve oil recovery by reducing the oil-water
interfacial tension (IFT) and by changing the wettability of the rock surface from oil wet
to water wet.>” An ultra-low IFT lowers capillary forces and improves oil mobilization by
the formation of oil-in-water microemulsion.** Surfactant induced wettability alteration
has also been identified as a key mechanism to improve oil recovery®”, particularly where
spontaneous imbibition is the dominant physical process.”° To this end, several studies
have been done to study wettability alteration and its effect on oil recovery on different
mineral substrates. Wettability alteration refers to changing the contact angle at the three
phase oil-water-rock contact line. Typically, one wants to change the contact angle from
oil-wet to water-wet, or contact angles that reflect a preference for water over oil on the
surface of the rock. Wettability can be evaluated by measuring the water-oil contact angle
on the substrate and surfactants with lower contact angle value (< 80°) have been correlated
to higher oil recoveries.®® Along with the contact angle, a moderate to low O/W IFT (1 —
10 mN/m) is ideal for a strong imbibition force for spontaneous imbibition.

A principal factor determining the efficiency of surfactants in wettability alteration
of oil reservoirs is the amount that adsorbs on the mineral surfaces. Very high adsorption
means more surfactant is needed for wettability alteration and higher cost that may translate

to undesirable economics. It is imperative to know about the surfactant-substrate
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interactions responsible for adsorption and obtain representative adsorption isotherms for
the analysis and design of wettability alteration in oil reservoirs. Here we study the
adsorption of nonionic surfactants and present a correlation to predict it based on the
temperature and structure of the surfactant.

The dependence of adsorption on water and surface chemistry, surfactant structure
has been studied extensively for anionic and cationic surfactants.'*® Because of their
charges, adsorption of ionic surfactants is determined largely by the surface charge or the
zeta potential, which in turn is dependent on the ionic strength of the bulk solution'* and
the charges on the surfactant molecules. Consequently anionic surfactants have been found
to have low adsorption on silica surfaces, which acquire a negative zeta potential over a
large pH range.™® On the other hand, anionic surfactants have been found to have a
prohibitively high adsorption on positively charged carbonate surfaces.*' 6 Cationic
surfactants typically have a lower adsorption on carbonates than their anionic
counterparts'’; their adsorption, however, was found to depend significantly on the source
of the carbonate.™ 8 In fact higher adsorptions of cationic surfactants on carbonates have
often been reported compared to anionic ones.*® 2° Mechanisms explaining surfactant
aggregate formation and adsorption kinetics have also been developed for these
surfactants?%° particularly on silica adsorbents.?’-2

Nonionic surfactants typically exhibit a different adsorption mechanism that
depends on their structure and their interactions with the bulk phase. These surfactants,
particularly, polyoxyethylene alkyl ethers on silica surface, have been investigated by
several authors in the past.3° Tiberg et al.3> 3¢ studied the structure of adsorbed layers as
well as the kinetics of adsorption on different surfaces. While monolayer adsorption was
put forward as the mechanism for hydrophobic surfaces, aggregates of the surfactant in the

form of micelles or bilayers were shown to for on hydrophilic surfaces. The process of
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adsorption of surfactant aggregates on the surface starts in a narrow concentration region
before the critical micelle concentration and surface aggregates are present even at small
surface coverages. Brinck et al.?° portrayed a picture of adsorption in which surfactant
micelles exchange monomers, predominantly with surface aggregates, present in a thin
sub-surface layer which is determined by the surface-surfactant interactions. A single layer
of aggregates of nonionic surfactants were proposed to explain the adsorption behavior and
kinetics on gold and silica surfaces.***> The effect of surfactant structure on the extent of
adsorption was also studied.3® 3338 It was found that both surface excesses and surface
aggregate sizes decreased with increasing head group size and inter-micellar repulsions
were put forth as a possible explanation. Desbene et al.*° varied the degree of ethoxylation
of the molecules and proposed that the adsorption behavior is determined by a combination
of primary and secondary adsorption mechanisms which in turn depends on the length of
the ethoxylated chain. While the primary mechanism involves hydrogen bonding between
hydrophilic component of the surfactant and the silanol groups, the secondary process,
which requires lateral interactions between the hydrophobe components, is responsible for
aggregate formation and induces a large increase in adsorption. Additionally, nonionic
surfactants show an interesting feature of temperature-dependent physicochemical
properties and consequently temperature-dependent adsorption has been reported in the
past.* 42 Studies of adsorption of nonionic surfactants on carbonate surfaces have been
relatively fewer in comparison to silica surfaces.*¢° Adsorption on carbonates was studied
at different temperatures and it was found that the adsorption was independent of brine
composition for dolomite surface.*® Kuno et al.*” and Akers et al.*® evaluated the adsorption
of polyoxyethylene alkyl-phenols on chalk surfaces and found that the extent of adsorption
depends on the surfactant hydrophilicity. A decrease in adsorption was observed for more

hydrophilic surfactants.
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The general consensus is that nonionic surfactants reach adsorption plateau around
the CMC and have a weak polar interaction with substrates. Because of the weak nature of
interactions, adsorption typically takes place in the form of patchy micellar or hemi-
micellar aggregates. A comprehensive review on this adsorption phenomena can be found
in multiple works, 433 50-51.53

In a previous study, two families of nonionic surfactants with different hydrophobic
units were evaluated on their wettability alteration properties through a series of contact-
angle experiments on oil-wet calcite.> Wettability alteration, changing the rock from oil-
wet to water wet and reducing the contact angle, was found to be enhanced by surfactants
with shorter hydrophilic groups and higher temperatures. An increased adsorption under
those conditions was hypothesized to be the underlying cause and it is imperative to
understand the correlation between adsorption and wettability alteration. A detailed
evaluation of molecular structure and the effect of temperature on adsorption are required
to extend applicability to different system conditions.

Here, the phenomenon of adsorption of the above mentioned nonionic surfactants
on carbonate surface is investigated through series of static adsorption experiments. The
concepts of packing parameter and surface coverage are used to understand the nature of
adsorption. Adsorption is correlated to an intrinsic thermodynamic parameter to generate
a universal adsorption curve that can be used as a predictive tool for surfactant selection.

A theoretical justification is provided for this universal behavior.
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3.2. MATERIALS

Table 3.1 lists the surfactants studied with their molecular structures. All surfactants

were provided by The Dow Chemical Company. The two families studied are secondary

alcohol ethoxylates represented by SAE-x and nonylphenol ethoxylates represented by NP-

X. The hydrophilic component in both cases is repeating units of ethylene oxide. The

hydrophobe units in SAE-x are short alkyl chains represented by R; and R.. For NP-x, the

hydrophobe a nonylphenol group. Indiana limestone is used as the representative carbonate

surface for adsorption experiments. It is obtained from Kocurek (TX, USA) and sieved

with 200-400 mesh, washed and dried before experiments. HPLC grade water (Fisher

Scientific) was used to make all the solutions.

Table 3.1: List of nonionic surfactants evaluated in the study. CMC values are reported at
25°C for 12% NaCl, 0.2% CacCl; brine.

S Cloud

Surfactant name Structure Specification | CMC Point
() (mM) | o

Q)

{,\/o}\ 15 0.16 66

SAE-x (Secondary 0 > H 30 0.10 85

alcohol ethoxylate) )\

R1 Ro 40 0.49 79

15 0.06 69

NP-x (Nonylphenol 30 0.05 79

ethoxylate) '

o{’\/O]LXH 40 0.09 77
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3.3. METHODOLOGY

3.3.1. Critical Micelle Concentration

Interfacial tension (IFT) measurements were performed to determine the CMCs of
individual surfactants. The inverted pendant drop technique was used to measure the
surfactant-air interfacial tensions. Surfactant solutions were first heated to the desired
temperature following which drops were introduced in an environmental chamber set at
the same temperature using a syringe with inverted needle. The shape of the surfactant drop
was monitored using a high magnification camera and the IFT values were extracted from
the images using the Pendent drop plug-in in ImageJ. The IFT values corresponding to
SAE-15 at 25°C is shown in Figure 3.1. The CMC is determined using the technique shown
in the plot. The CMCs measured at 25°C are reported in Table 3.1. CMCs for the surfactants

varied typically within 10-20% for the range of temperatures of the current study.

45 ——r . —
SAE-15
T=25C
40 12% NaCl, 0.2% CaCl,
E
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Figure 3.1. Measurement of CMC using surface tension values measured in air
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3.3.2. Cloud Point Measurements

Surfactant solutions were prepared in glass vials and placed in an oven and heated
for 20 minutes at a given temperature. The temperature was increased by 1° at each step
and shaken gently to observe the formation of a white opaque phase in the solutions. The
onset of opacity was reported as the cloud point temperature. Table 3.1 shows the cloud
point temperatures measured for 4000 ppm surfactant solutions in 12% NaCl, 0.2% CaCl»

brine.

3.3.3. Dynamic Light Scattering (DLS)

Dynamic light scattering with non-invasive backscatter optics is used to measure
the micelle sizes of surfactants. Measurements were carried out in a Malvern Zetasizer
Nano ZS. These measurements were done for SAE-15, SAE-40, NP-15 and NP-40. For
NP-15, the surfactant concentration was varied from 100 ppm to 4000 ppm to determine
the average size of the micelles as a function of concentration and temperature. For other
surfactants, measurements were done at concentrations of 1000 ppm and 4000 ppm. In
order to study the variation of micelle size with temperature, measurements were done at
two different temperatures 25°C and 50°C. Each measurement was repeated three times to

get an average size.

3.3.4. Adsorption Experiments

Static adsorption tests were carried out for different surfactants at three different
temperatures 25°C, 40°C and 50°C. Indiana limestone particles were used a representative
carbonate surface in the experiments. Limestone particles were first sieved using 200 and
400 mesh sieves (30 — 70 um) to get a uniform distribution of particle sizes. The sieved
particles were then washed and rinsed three times to remove any unwanted organic matter

present in the samples. After washing the particles were dried in an oven at a temperature
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of 100°C for three days, following which they were used in the experiments. The brine
salinity used in the experiments is 12% NaCl and 0.2% CaCl, by weight. One part of the
brine was separated and equilibrated with selected mass of prepared limestone particles at
the required temperature for one day. This takes care of any change in brine composition
because of substrate dissolution. After equilibration the brine solution was separated and
used to form surfactant solutions of different strengths (100 ppm to 4000 ppm). Calibration
curve corresponding to surfactant concentration was then prepared. The second part of the
initial brine was then used to prepare surfactant solutions of different mass concentrations.
10 ml of surfactant solution was then added to 2.75 gm of limestone particles. The ratio of
limestone to mass of brine was kept the same as the ratio in the first case. After adding the
solutions, the tubes were placed in a horizontal position inside a shaker to ensure proper
mixing. This mixing process was done for 24 hours following which the contents are
allowed to settle without shaking for additional 24 hours. The supernatant surfactant
solution was then separated, while inside the shaker, to analyze the concentration. The

adsorption amount is obtained from a simple mass balance
I'=my, (C,—Cy )/SM, (1)

where m,,,C,,C,,Sand m.are mass of the surfactant solution, initial surfactant
concentration, final surfactant concentration, BET surface area of limestone and mass of

limestone used in the experiment, respectively.

3.3.5. Measurement of BET Surface Area

BET surface area analysis was performed using a Micromeritics Accelerated
Surface Area & Porosimetry instrument (ASAP 2420). The sample was out-gassed at
300°C while under vacuum prior to analysis. The BET surface area for the limestone

particles was found to be 0.84 m?/gm.
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3.3.6. Measurement of Surfactant Concentration

The concentration of SAE-x surfactants was determined by High Performance
Liquid Chromatography (HPLC) with an Evaporative Light Scattering Detector (ELSD).
The Agilent 1260 Infinity Il Series HPLC and Model 385 ELSD were used for the analysis.
A Zorbax Eclipse plus C8 (3 x 150 mm, 3.5 pm) column was used for chromatographic
separation. The mobile phase consists of acetonitrile and water. Initially, the acetonitrile
fractional flow was 5% and then gradually increased to 100% over 9 minutes and held for
6 minutes. The flow rate of the total mobile phase was 0.62 mL/min. The column was set
at a temperature of 40°C. For all experiments, the sample injection volume was 16 pL.
Each run was followed by a post-run of 95% acetonitrile and 5% water for 9 minutes. A
blank sample of HPLC grade water was run after every 8 runs. The above steps ensured
that there was no carryover of surfactants from previous runs. Typical elution
chromatograms of SAE-15 are shown as obtained in Figure 3.2a. The width of the peak is
associated with the distribution of hydrophilic units in the molecule. This result indicates
that the surfactant has a range of EO groups for a given hydrophobic tail length. The area
under the chromatogram was integrated for different surfactant concentrations. The area
was then plotted against the known concentration to get a calibration curve for each
surfactant from which unknown concentrations were extracted. A representative
calibration plot is shown in Figure 3.2b.

The UV-Vis spectroscopy technique was used to measure the concentration of NP-
x surfactants. This was made possible because of the presence of the aromatic group in the
NP surfactants. A Cary UV-Vis instrument in single-front mode was used for the
experiments. Figure 3.3a depicts the absorbance spectrum for NP-15 at different
concentrations. Two absorbance peaks are observed corresponding to the wavelengths of

220nm and 277 nm. At high concentrations, the instrument displayed a limited sensitivity
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to the absorbance at 226 nm. The absorbance peak near 277nm was hence picked for the
purpose of analysis. In order to ensure a constant baseline signal and to remove any
unwanted contribution to absorption signal, the first derivative technique was used to
prepare calibration curves for the surfactants and determine unknown concentrations. The
first derivative of the absorbance plotted against the wavelength is shown in Figure 3.3b.
The process of taking a derivative eliminates any constant signal interference at all
wavelengths. The plots show a peak corresponding to 286.5nm for all samples. This peak
value is then used for the subsequent calibration and analysis purposes. Figure 3.3c shows
a typical calibration curve obtained by using this method. Separate calibration plots were

prepared for each separate experiment for both SAE-x and NP-x.

- -
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Figure 3.2: a) Chromatogram obtained from HPLC-ELSD analysis of SAE-x. b) Typical
calibration plots for SAE-x surfactants.
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Figure 3.3: a) Typical absorption spectra for NP-x surfactant. b) First derivative absorption
spectra for NP-x and the corresponding c) calibration curve.
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3.4. RESULTS AND DISCUSSION

3.4.1. Micelle Size Measurement

Figures 3.4 and 3.5 show typical micelle size distributions of the SAE-x and NP-x
micelles. The weight averaged micelle sizes Dy of NP-15, NP-40 and SAE-15, SAE-40 at
two different concentrations (1000 ppm and 4000 ppm) and two temperatures (25°C and
50°C) are shown in Table 3.2. The measured micelle sizes typically lie between 11 — 14
nm. Micelle size increases with the number of hydrophilic units, which can be attributed
to the increase in the size of surfactant monomers. Micelle size tends to be relatively
independent of the type of hydrophobe. Micelles also increase in size as the temperature is
increased and this growth is more prominent at higher concentrations — an increase in size
from 11 nm to 14 nm can be seen for 4000 ppm SAE-15 and NP-15. A limited micelle
growth is observed for a 4000 ppm surfactant concentration of SAE-40 and NP-40 at 50°C.

The aggregation number can be determined from the micelle size, Dm, and the
volume of a hydrated surfactant monomer inside a micelle Vs using the relation

Nogy = 7;\[;?1 : (2)

S

The values of Vs used for the calculation®-° are shown in Table 3.3. The extracted values
0f Nagg are shown in Table 3.2. Nagg decreases with an increase in EO number for both SAE
and NP surfactants. This is because while there is a modest increase of Dm, Vs increases
significantly with the EO number. On the other hand, Nagg increases with temperature. The
decreased hydration of surfactant molecules at high temperatures increases their tendency
to form aggregates, which increases the size of the micelles. The effect of Nagg On

adsorption is discussed in detail in the following sections.
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Figure 3.4. Micelle size distributions for SAE-x

78



Intensity (%)

Intensity (%)

20 —— T
NP-15
1.4 mM
15 1
10 1
—25°C
—50°C
51 4
0 f T \ T T T T T r
0 5 10 15 20 25 30 35 40 45 50
d (nm)
25 T T T T T T T T
NP-40
204 0.5 mM 1
15+ 4
104 —25°C |
—50°C
51 4
0 r

0 5 10 15 20 25 30 35 40 45 50
d (nm)

Intensity (%)

Intensity (%)

20

15+

10+

25

20

15+

10

54

0

NP-15
55mM

—25°C
—50°C

0

5

10 15 20 25 30
d (nm)

35 40 45

50

NP-40
2 mM

—25°C
—50°C

0

5

10 15 20 25 30
d (nm)

Figure 3.5. Micelle size distributions for NP-x

79

35 40 45

50



Table 3.2: Weight-average micelle sizes reported for 1000 ppm and 4000 ppm NP-x and
SAE-x at 25°C and 50°C.

1000 ppm 4000 ppm
25°C 50°C 25°C 50°C
Dm Dm Dm Dm
omy | PPV | Na | (o | PDI | Nagg | (ot | PDI | Nagg | (0 | PDI | Nagg

NP-15 | 11.7 | 0.13 | 215 | 125 | 0.15 | 255 | 11.8 | 0.10 | 215 | 14.1 | 0.26 | 366
NP-40 | 125 0.09 | 109 | 13.3 | 0.13 | 131 | 129 | 0.07 | 120 | 13.6 | 0.10 | 141

S?EI)E_ 11.1 | 0.07 | 190 | 125 | 0.10 | 277 | 11.2 | 0.08 | 199 | 13.8 | 0.16 | 372
Sﬁ\(I)E- 13.3 | 0.08 | 134 | 135 | 0.12 | 141 | 13,5 | 0.06 | 140 | 14.2 | 0.15 | 163

Table 3.3. Volumes of surfactant molecules used to calculate Nagg. The volume includes
additional volume because of water molecules in the micelle.%5-%

Surfactant Vs (A%
SAE-15 3688
SAE-30 6985
SAE-40 9184

NP-15 3990
NP-30 7171
NP-40 9369

3.4.2. Adsorption Isotherms

Figure 3.6 shows the adsorption isotherms for NP-x and SAE-x at the three different
temperatures. In case of NP surfactants, adsorption of each surfactant increases rapidly
with the bulk concentration and then levels off. The CMC values of the surfactants are
shown by the dotted lines. In most cases an adsorption plateau happens around the
surfactant CMC. At 25°C, a maximum adsorption of 0.7 umol/m? is observed for NP-15
(Fig. 6a). When temperature is increased to 40°C, a rise in adsorption is observed from the
first plateau at 0.6umol/m? to about 1 pmol/m?. Similar behavior is observed at 50°C where
adsorption increases from 0.8 umol/m? to 1.3 umol/m?. For NP-30 (Fig. 6b) the maximum

adsorptions are 0.2 pmol/m?, 0.3 pmol/m? and 0.6 pmol/m? at 25°C, 40°C and 50°C
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respectively. The corresponding values for NP-40 (Fig. 6¢) are 0.1 umol/m?, 0.1 pmol/m?
and 0.4 pmol/m?,

The adsorption isotherms for SAE-15 (Fig. 6d) are similar to NP-15. At 25°C, a
single adsorption plateau is observed at 0.6umol/m2. Once again, as the temperature is
increased, an upward trend in adsorption is observed. The maximum adsorption for SAE-
15 is 0.8 pmol/m? and 1pumol/m? at 40°C and 50°C, respectively. For SAE-30 (Fig. 6€) the
maximum adsorptions are 0.1 pmol/m?, 0.2 pmol/m? and 0.3 umol/m? at 25°C, 40°C and
50°C, respectively. The maximum adsorption values for SAE-40 (Fig. 6f) are 0.1 umol/m?,
0.3 umol/m? and 0.4 pmol/m?. Because of the high CMC, the levelling of adsorption near
the CMC can be seen prominently for SAE-40.

3.4.2. Molecular interpretation of adsorption isotherms

Below a critical surfactant concentration, most surfactant molecules are expected
to remain parallel to the surface aided by favorable interactions with calcium and carbonate
groups.®® Adsorption via this mechanism would mean a higher adsorption for surfactants
with more EO groups. This is found to be true in the case of adsorption of nonionic
surfactants on silica when the concentrations are below the CMC.* In practice wettability
alteration is done at surfactant concentrations well above the CMC.>* ® At these
concentrations, the adsorption of surfactants with fewer EO groups is higher. This indicates
that at high concentrations, relevant for wettability alteration, aggregates of the surfactants
similar to micelles adsorb onto the surface.® %’

From a molecular point of view, the structure of adsorbed surfactant aggregates can
be predicted using the concept of packing parameter introduced by Israelachvili et al.>® The

packing parameter is defined as
P=—, (3)
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where V is surfactant hydrophobe volume, a, is the optimum hydrophilic cross-section

area and | is the hydrophobe chain length. For values of P less than about 1/3, the micelles
are spherical. In previous works, the aggregates of similar EO containing surfactants were
expectedly found to depend on the length of the hydrophilic units —spherical for EO units
several mers or more in length.®®%° The packing parameter values for the current system
of surfactants are below 1/3. As such adsorption for the more hydrophilic surfactants is
expected to take place in the form of interspersed patches of monolayer and spherical
aggregates.

Table 3.4 lists the maximum adsorption observed for each surfactant at three
different temperatures. At a given temperature, this adsorption decreases as the number of

EO units is increased.

Table 3.4: Maximum adsorptions and estimated surface coverages for SAE-x and NP-x

25°C 40°C 50°C
Surfactant Tmax (LMoI/m?) ) Lmax (UMoI/m?) ) [max (KMol/m?) )
SAE-15 0.6 0.17 0.8 0.22 1.0 0.23
SAE-30 0.1 0.06 0.2 0.06 0.3 0.17
SAE-40 0.1 0.10 0.3 0.21 0.4 0.24
NP-15 0.7 0.19 1.0 0.28 1.3 0.29
NP-30 0.2 0.14 0.3 0.20 0.6 0.32
NP-40 0.1 0.13 0.1 0.14 0.4 0.28

This can be explained by considering the micellar nature of adsorbed aggregates. For the
given surfactants, surface aggregates behave very similar to bulk micelles.®® ®” Hence an
estimate of adsorption can be obtained from the following relation

N
r-~— 4
Aads ()

where Aags is the area associated with each adsorbed micelle and Nagg is the micelle
aggregation number available in Table 3.2. The decrease in Nagg With an increase in EO

number is thus responsible for the observed lower adsorption.
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For each surfactant, the maximum adsorption increases with temperature. This can
be explained by considering the surfactant-water interactions. With increasing temperature,
these interactions become weaker because of dehydration of the polyoxyethylene chains.
This in turn promotes intermolecular hydrophobic interactions and makes surface
aggregation more favorable for the surfactants. This behavior is similar to the observed
increase in micelle aggregation number with temperature. The combination of two effects
— reduced surfactant-water interactions and increased tendency of aggregation, thus leads
to higher adsorptions at higher temperatures.

A distinct trend of higher adsorption at high concentrations is observed for
surfactants with shorter ethoxylated chains at higher temperatures. This rise in adsorption
is quite evident for NP-15 and SAE-15 beyond 40°C. The micelle size of smaller
surfactants like SAE-15 and NP-15 increase significantly with temperature. The increase
in the size of micellar aggregates and consequently in the micelle aggregation number is
believed to be responsible for the observed increase in adsorption. Figure 3.7 shows the
plot of micelle aggregation number of NP-15 at different concentrations at a fixed
temperature (50°C). The nature of this plot is very similar to the adsorption isotherm of
NP-15 at the same temperature. Given that, surface aggregates behave very similar to bulk
micelles, 3% " it can be established that there is a correlation between the appearances of

higher adsorption with the increase in micelle size.
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Figure 3.7: Micelle aggregation number as a function of concentration for NP-15 at 50°C.
Inset shows the dependence of adsorption on the micelle aggregation number

3.4.3. Surface Coverage

The fraction of the surface covered by adsorbed micelles ¢ can be computed from

r N
agg VW

Here T, is the maximum adsorption in mg/m?, A . = zD? /4is the projected area of a

X

micelle, N, is the aggregation number, M, is the average molecular weight of the
surfactant and N, is the Avogadro’s number.

Table 3.4 lists the predicted coverage values for different surfactants at different
temperatures. The lowest coverages predicted are 6% for SAE-30 surfactant while the
maximum coverage of around 30% is observed for NP surfactants, respectively. The
surface coverage values are typically found to decrease with an increase in hydrophilicity.
SAE-30 seems to behave unexpectedly in this regard exhibiting very low adsorption and
correspondingly a lower surface coverage than SAE-40. The coverages also increase at
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higher temperatures indicating enhanced surfactant adsorption. The surface coverage
values indicate a sparse and patchy adsorption consistent with previous findings from

literature.30: 57

3.4.4. Universal Adsorption Behavior

In general adsorption increases as the temperature approaches the cloud point of
the surfactant. Similarly, the change in contact angle or wettability alteration was also
observed to be larger closer to the cloud point. This suggests that the proximity to the cloud
point may offer a parameter that captures the effects of the structure of the surfactant and
the temperature. Here we present a theory and evidence to support this hypothesis.

The cloud point for nonionic surfactants is the lower consolute (critical)
temperature where phase separation is induced. Below and up to this critical temperature,
the weight-averaged micelle aggregation number has been predicted to depend on the
surfactant mole fraction X according to

N,y = 2VKX (6)
Au

where K =exp (ﬁj and Au represents the free-energy for micellar formation.®*% From
B

measurements of the micelle size and aggregation number, we can extract Au/kg and find

that it varies linearly with T as shown in Fig. 8. Such behavior has been found

previously.®®®1 This allows aggregation number to be written in terms of critical

all 1
N, =2 /K Xexp|l—=|=——1], 7
agg : p{z(T TCJ} ()

where K_is measured at T.and « is a constant which can be determined from the plot in

temperature T, as

Fig. 8. Under the assumption that surface aggregates behave similar to bulk micelles,® %7
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Figure 3.8. Micelle growth potential vs T

the energy of interaction between surfactant aggregates, and substrate is proportional to the
projected area of aggregates, the adsorption energy can be written as

2
AGads = 7[4Dm ga ' (8)

where ¢, is the free energy related to adsorption site density and a free energy change

associated with displacement of adsorbed water molecule by the surfactant.®* Using (6),

(7) and (8) the adsorption energy can then be written as

AG,, = AG, exp {% (Tl - %ﬂ , 9)
where
% %
12V K X
AGOZ( :) (4° ) & (10)

The adsorption energy corresponding to maximum adsorption at a given concentration and
temperature, I',_., can be summarily written as
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AG,, ~k.TInT,, . (11)

Using (9) and (11), the maximum adsorption is then given by

AG all 1
'  ~ex o lexp—| =——— || . 12
][0 o 22 o

While exact value of ¢, is difficult to determine, a simplified form of (12) can be developed

by understanding how it varies with temperature. It has been found that adsorption of
organic molecules with polar components on hydrated carbonates involve overcoming a
free energy barrier which decreases with temperature.®® This can be attributed to two
factors — weaker water-carbonate interactions thus rendering more active sites available for
adsorption, and a favorable surfactant solvation entropic contribution near the surface.% %

As a simple approximation, a linear dependence of ¢, with temperature can hence be

assumed. It will be found later that this approximation works quite well for this system.

Typical values of &, give rise to ic?lf’ ~ 0O(-1).** Micelle size measurements at different
B

temperatures give %[%_Ti] ~ 0(-10?) to O(-107) for the current family of nonionic

c

surfactants. This allows (12) to be approximated as
oo =T [1+B(T,-T)], (13)
where T, is the adsorption at cloud point and £ is a negative constant. Figure 3.9a plots
the maximum molar adsorption of these surfactants as a function of
CPTD=T.-T, (14)

for each system tested, where T is the cloud-point temperature of the surfactant solution

c
and T is the experimental temperature.
The plot agrees qualitatively with (13) as a linear decrease in adsorption is observed

as the system moves away from the cloud point. However, surfactants with 15
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EO groups (red filled and empty squares) exhibit a higher I', and steeper rate of decrease

compared to the larger surfactants with 30 and 40 EO groups (blue and green squares). A

better collapse of the experimental data and a more universal behavior could be possible
by investigating I, in detail. Near the cloud point, where surfactant adsorption is very high

[, can be estimated to be proportional to N, . / DZ.. whereN,, .and D, refer to the

m.c ? agg.c

aggregation number and micelle size at the cloud point. At the same time Nagg,c/Dri,c has

an inverse relationship with the molecular weight of the surfactant (Fig. 10). This means a

universal behavior is expected when (13) is written on a mass basis according to

Ty =D [1+ B(T,-T) ], (15)
1.6x10°1 MW -
.
g 1.2x10%1 .
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Figure 3.9b exhibits this universal collapse of maximum mass-based adsorption.
The universal behavior is quite apparent from the plot. The maximum adsorption is found
to vary linearly with CPTD if the surfactant hydrophobe is the same. Even with a different
hydrophobe, the differences are only minor; signifying the dominating effect of hydrophilic
components as far as adsorption is concerned. As can be seen from the plot, the adsorption
increases as one moves nearer to the cloud point. This can be obtained either with a more
hydrophobic surfactant at a given temperature or by increasing the temperature for a given
surfactant — effectively encompassing the two observations from the experiments. The
small scatter in the data can be attributed to limited information on temperature dependence
of hydrated surfactant volume and aggregate shape near the cloud point. Nevertheless, this
plot serves as a powerful tool to predict adsorption behavior with respect to an intrinsic
thermodynamic property of the surfactant.

The predicted relationship is expected to hold for families of nonionic surfactants
up to their cloud point temperatures. In the current study the cloud point temperatures, at a
high brine salinity of 12% NaCl, 0.2% CaCl,, were around 70°C — 80°C, which meant these
surfactants could not be used directly at higher temperatures without phase separation. The
surfactant-bulk and surfactant-carbonate interactions are expected to behave differently
beyond phase separation, which should lead to a different adsorption behavior. The brine
salinity used in the study is a good representative of high salinity reservoirs. The cloud
point of these surfactant solutions is also determined by the brine salinity. Any change in
the salinity will thus be reflected upon the adsorption through the adsorption-CPTD
relationship. This relationship is expected to hold true if the brine components do not

change the mechanism of adsorption, significantly.
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3.4.5. Adsorption and Wettability Alteration

The relationship between surfactant adsorption and wettability alteration can be
inferred by combining the results from contact angle experiments done with these
surfactants in a previous study.> These contact angle measurements were performed on an
initially oil-wet calcite surface. Along with the contact angle values, activation energy
calculations and oil-film experiments suggested that the adsorbed surfactants determined
final wettability state by accessing the bare calcite near the receding three phase contact
line. This means that the extent of wettability alteration is determined mainly by the calcite-
surfactant interactions. Figure 3.11 plots the final contact angle values for the selected

surfactant systems against the corresponding maximum adsorption.
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Figure 3.11: Final contact angle on oil-wet calcite is plotted against maximum
adsorption. Contact angles are measured in the aqueous phase. Contact angles greater
than 90° represent an oil-wet state. Final contact angles almost linearly decrease with an
increase in adsorption signifying a positive correlationship between wettability alteration
and adsorption.
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The plot confirms the hypothesis of better wettability alteration at high adsorption and this
behavior is independent of the surfactant structure. The cases where the final calcite
surfaces are still oil-wet (Contact Angle > 90°) correspond to lower adsorptions and vice-

versa.

3.5. CONCLUSIONS

Secondary alcohol ethoxylate and nonyl phenol ethoxylate surfactants have been
found to be effective in altering the wettability of an oil-wet carbonate surface to water-
wet.>* An increase in wettability alteration performance was observed for these families of
surfactants as the number of hydrophilic units was reduced and with an increase in
temperatures. It was hypothesized that an enhanced adsorption is responsible for this
behavior and it is important both from a fundamental and economic point of view to
understand the mechanism and estimate the extent of surfactant adsorption for such an
application. Along with substrate type, temperature is an important parameter which needs
to be considered for reservoir applications and this is also addressed in the current study.

Static adsorption experiments were performed to obtain representative adsorption
isotherms for different surfactant hydrophilicities and temperatures. Similar to previous
observations, 353 adsorption isotherms display a sharp increase in the adsorbed amount
within a very small bulk concentration range followed by a constant adsorption plateau.
Surfactant adsorption increases with a decrease in surfactant hydrophilicity and with an
increase in system temperature. These two factors have been combined into the parameter
CPTD which incorporates the thermodynamic property of cloud point of a nonionic
surfactant. A universal behavior of higher adsorption is observed as a surfactant nears its

cloud point and a thermodynamic explanation is provided for the same. Compared to

93



existing models of aggregative adsorption, this model provides a simple way to predict the
adsorption of nonionic surfactants.>*

At higher temperatures, an upward drift in adsorption is observed, particularly for
the more hydrophobic surfactants. This has been attributed to the increase in micelle size
with temperature. Based on the values of the packing parameters, a micellar aggregative
mechanism is proposed. This is also seen in similar experiments performed on silica
substrates.?® 303536 Syrface-coverages, estimated using maximum adsorption and micellar
sizes, offer a picture of sparsely distributed micellar aggregates on the surface. Combining
the wettability results, >* it can be confirmed that the degree of wettability alteration is
proportional to surfactant adsorption.

While adsorption of similar surfactants on silica has been linked to hydrophilicity
in the past, *° a universal correlation of adsorption and wettability alteration to an intrinsic
surfactant characteristic, that combines the effect of both surfactant structure and
temperature, has not been done till date. The relative dearth of works on carbonate
surfaces*®*® combined with the fact that most oil reservoirs tend to be carbonate
formations® highlight the significance of these findings. A molecular level understanding
of adsorption energetics is necessary to understand aggregative adsorption, and this is a
part of ongoing study.

In summary, the effects of structure of nonionic surfactant on adsorption have been
determined, with shorter hydrophilic units adsorbing more on calcite at a given
temperature. A successful method has been presented to collapse all the adsorption data
for different nonionic surfactants on a universal curve based on the temperature relative to
the cloud point. A theory is presented to support this. Finally, a universal trade-off curve
for the wettability alteration (final contact angle) for an initially oil-wet carbonate surface

versus the adsorption is shown. These results and the methodology for correlating the data
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is of great importance for practical implementation of wettability alteration in a carbonate

oil reservoir.
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Chapter 4: Wettability alteration and Adsorption of Mixed Nonionic
and Anionic Surfactants on Carbonates

4.1. INTRODUCTION

Surfactants improve oil recovery by lowering oil-water capillary forces and by
changing wettability of reservoir surfaces.’” Lowering of oil-water (O/W) interfacial
tension (IFT) to ultra-low values (< 10 mN/m) promotes spontaneous emulsification
which significantly improves oil mobilization.*** Surfactant-induced wettability alteration
is also a key mechanism to improve oil recovery.>’ This is particularly important in
fractured and oil-wet carbonates. The change in wettability from oil to water-wet can lead
to higher oil recoveries by allowing spontaneous imbibition of the aqueous phase inside
the porous media.”'% Several studies have been done to study wettability alteration and its
effect on oil recovery on different mineral substrates.** The water-oil contact angle on the
substrate gives an indication of the wettability in the system. Surfactants that give rise to
lower contact angles (< 80°) have been correlated to higher oil recoveries.®® The desirable
properties of a surfactant for wettability alteration are low contact angles, a moderate to
low O/W IFT (1 — 10 mN/m), low adsorption on the rock, and operation at elevated
temperatures of the reservoir. In this paper we evaluate all four of these metrics for mixed-
surfactant systems consisting of secondary alcohol ethoxylates and anionic cosurfactants.

In an oil reservoir there are several factors that can impact the decision-making
process to optimize surfactant chemistry. These include rock-type, reservoir brine
chemistry and temperature, pH, permeability, and nature of oil. Consequently, different
surfactant formulations are required to adjust to the reservoir conditions and maintain
desirable oil recoveries. Previously, two families of nonionic surfactants, with repeating
units of oxyethylene groups as the hydrophilic moiety, were evaluated on their wettability

alteration properties through a series of contact-angle experiments on oil-wet calcite.®
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Wettability alteration was found to be enhanced by surfactants with shorter hydrophilic
groups and at higher temperatures. An increased adsorption under those conditions was
determined to be the underlying cause.®

Nonionic surfactant solutions exhibit phase separation beyond a temperature
known as the cloud point. It is a consequence of decreased hydration of oxyethylene chains
with an increase in temperature, and this prevents use of nonionic surfactants at high
temperature. The cloud point and hence the operating temperature of nonionic surfactants
can be increased by incorporating molecules that can improve their aqueous stability at
high temperatures. These molecules, known as hydrotropes, are typically ionic surfactants
that form charged mixed micelles of the nonionic surfactant and the hydrotrope. The mixed
micelles precipitate at higher temperatures increasing the cloud point.

Different organic molecules have been evaluated in the past, named cloud point
boosters (CPBs). They were classified as ionic or nonionic based on the presence or not of
charges. Alkanols and polyalkylene glycols are a few popular nonionic CPBs. Charged
phospholipids and long chain fatty acids are ionic CPBs. While the nonionic CPBs are
effective only at molar concentrations, ionic CPBs are effective even at millimolar
concentrations. This makes ionic surfactants a more suitable candidate for surfactant
formulations for oil reservoirs. A few surfactant formulations for high-temperature and
high-salinity reservoir applications have been developed for nonionic surfactants in the
past.'® Using appropriate additives the cloud point of nonionic surfactant solutions in high
brine salinities were raised to around 120°C. Similar elevations in cloud points were also
reported in systems of nonionic and cationic surfactants.®

There have been few studies evaluating the effect of surfactant mixtures on
wettability alteration in mineral substrates. Mixtures of nonionic and cationic surfactants

were evaluated in qualitative contact angle measurements on calcite and systems which
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exhibited wettability alteration to final weakly water-wet state were used in spontaneous
imbibition experiments.’® Similar contact angle tests were also performed with mixed
surfactant formulations on a hydrophobic parafilm surface.'® Significant decrease in
contact angle upon surfactant addition along with oil recoveries up to 31% above the brine
recovery in core-flooding experiments were reported.

The adsorption of nonionic/ionic surfactants on solid substrates has been found to
exhibit synergistic or antagonistic interactions depending on the nature of the charges
involved. Intermolecular interactions between the different surfactants, lateral hydrophobic
interactions especially for nonionic surfactants and the molecule-substrate interactions
together determine the eventual adsorption of these mixtures. Three different combinations
of surfactant mixtures were identified based on whether the ionic/nonionic component acts
as an active and/or a passive adsorption species.*® Competition for adsorption sites has
been found in the case in which both act as active adsorption species. At equal mixing ratio,
however ionic species adsorb more because of stronger electrostatic interactions. When the
ionic surfactants have identical charges as that of the substrate, their adsorption is
significantly increased in the presence of nonionic surfactants. The lateral hydrophobic
interactions between the two groups of molecules act as an anchor for ionic surfactants to
co-adsorb on the substrate. The adsorption of passive nonionic surfactants can also be
significantly increased in the presence of active ionic surfactants.>®®* The mechanisms of
adsorption of these mixtures have been investigated for select cases. lonic surfactants
typically adsorb via direct electrostatic interactions between individual molecules and the
surface resulting in a typical monolayer to admicelle transition which is marked by an
eventual plateau in the adsorption isotherm. For nonionic surfactants, an aggregative or
micellar adsorption is believed to be the key mechanism. Rises in adsorption at higher

concentrations and temperatures have been observed which corresponds to the growth in
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the adsorbed aggregates.'® The extent of adsorption for such systems is found to depend
both on surfactant hydrophilicity and the temperature — both of which can be combined
into the parameter, Cloud point temperature difference,

CPTD=CP-T, (1)
which incorporates the thermodynamic property of cloud point of a nonionic surfactant.
A universal behavior of higher adsorption has also been observed as a surfactant nears its
cloud point.

A detailed study of mixed surfactants and their evaluations of wettability alteration
as a function of individual surfactant composition and temperature is not present currently.
In addition, the adsorption of surfactants in such dual systems and the corresponding
correlation to wettability alteration has not been done to date. Here, anionic hydrotropes
are first evaluated on their capacity to enhance aqueous stabilities of nonionic surfactants.
These surfactants will be henceforth referred to as co-surfactants. The cloud point
temperatures of the mixed surfactant systems are reported for different co-surfactants and
at different compositions. The effect of molecular structure of both the primary and co-
surfactant in determining the aqueous stability is then discussed. One of the main
applications for these mixed systems is as stable, high-temperature wettability-altering
agents. Hence, depending on the cloud point of the formulations, different mixed-surfactant
systems are then used for wettability alteration analyses on mixed-wet carbonate surface.
This includes both contact angle and oil/water interfacial tension (IFT) measurements to
determine the overall capillary driving force responsible for spontaneous imbibition inside
porous media. The adsorption in both single and mixed-surfactant systems is then
investigated through static adsorption experiments on carbonate surfaces. A probable
mechanism of adsorption has been inferred from these adsorption studies. Like in single-

surfactant systems,® the parameter of CPTD has been used to correlate the different aspects
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of aqueous stability, driving force and adsorption to put forward a case for universal

behavior in surfactant based wettability-altering systems.

4.2. MATERIALS

Tables 4.1 and 4.2 list the surfactants studied with their molecular structures. All
surfactants were provided by The Dow Chemical Company. The family of nonionic
surfactant studied is secondary alcohol ethoxylates represented by SAE-x. The hydrophilic
and hydrophobic components in this family are repeating units of ethylene oxide and
secondary alcohol comprised of short alkyl chains Ri and R» respectively. In the current
study, nonionic surfactants corresponding to 9 and 15 hydrophilic units were used. The co-
surfactants are families of anionic surfactants, differentiated by their molecular sizes.
Calcite plates (Iceland Spar) obtained from Wards Natural Sciences were used as a
representative carbonate surface for wettability alteration experiments. Crude oil used in
the experiments was obtained from a carbonate oil formation. Indiana limestone is used as
the representative carbonate surface for adsorption experiments. It was obtained from
Kocurek Industries (TX, USA) and sieved with 200-400 mesh, washed and dried before
carrying out any experiments. The surface area of the limestone particles is determined to

be 0.84 m?/gm by the Brunauer—Emmett-Teller (BET) method.
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Table 4.1: List of nonionic surfactants evaluated in the study.

Structure Surfactant name Specification (x)
@) 9
O < H SAE-x (Secondary alcohol
)\ ethoxylate)
15
R1 R2
Table 4.2: List of anionic co-surfactants evaluated in
the study.
Surfactant name Specification
LM Low molecular weight
Medium molecular weight (Higher
MM .
degree of sulfonation)
MM2 Medium molecular weight
HM High molecular weight
VM Very high molecular weight

Sodium chloride and calcium chloride (Fisher) were used as received. HPLC grade water

(Fisher Scientific) was used to make all the solutions.

4.3. METHODOLOGY

4.3.1. Cloud Point Measurements

Surfactant solutions were prepared in glass vials and placed in an oven and heated

for 20 minutes at a given temperature. The temperature was increased by 1°at each step
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and shaken gently to observe the formation of a white opaque phase in the solutions. The

onset of opacity was reported as the cloud point temperature (Figure 4.1).

| e oy e

Figure 4.1. Onset of clouding upon heating solutions of nonionic surfactants

4.3.2. Interfacial Tension Measurements

The inverted pendant drop technique was used to measure the oil-brine and oil-
surfactant interfacial tensions (IFT). A quartz cell was filled with surfactant brine solution
and placed inside an environmental chamber set at a desired temperature. Oil drops were
introduced in the solution using a syringe with inverted needle. The shape of the oil drop

was monitored using a high magnification camera (Figure 4.2) and the IFT

a) b)

Figure 4.2. Typical drop images used for IFT measurements. a) Shape of an inverted
oil drop inside surfactant solution. b) Drop of surfactant solution in air
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values were extracted from the images using the Pendent drop plug-in in ImageJ.
4.3.3. Critical Micelle Concentrations (CMC)

Air-surfactant IFT measurements were used to determine the CMCs of different
single and mixed surfactant systems. The regular pendent drop method as shown in figure
4.2b was used for these measurements. The IFT values were measured at different
surfactant concentrations and the CMC was extracted from IFT vs concentration plot as
shown in Figure 4.3. CMCs measured for SAE-15, LM and HM surfactants are shown in
Figure 4.4. A brine salinity of 12% NaCl and 0.2% CaCl, was used for all the
measurements. The measurements were performed at two different temperatures — 50°C

and 70°C.

504 SAE-15:LM = 2:1
T=70°C

¥ (MN/m)

Figure 4.3. IFT vs total surfactant concentration in 2/1 by mass mixture of SAE-15/LM
at 70°C. The vertical dotted line represents the CMC of the solution.
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Figure 4.4. Measured CMCs of SAE-15, LM, HM and SAE-15+LM, SAE-15+HM
mixtures at different compositions. The CMCs correspond to two different temperatures
—50°C and 70°C.

4.3.4. Micelle size measurements

Dynamic light scattering with non-invasive backscatter optics is used to measure
the micelle sizes of surfactants. Measurements were carried out in a Malvern Zetasizer
Nano ZS. Measurements were done for SAE-15+LM and SAE+HM systems. The brine
salinity was the same as before. Two different concentrations — 4000 ppm SAE-15/2000
ppm co-surfactant and 4000 ppm SAE-15/4000 ppm co-surfactant were used in the
measurements. The temperature was varied between 50°C to 90°C whenever possible. The

micelle sizes for these systems are shown in the bar plot in Figure 4.5.
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Figure 4.5. Micelle-size of surfactant systems - SAE-15, SAE-15+LM and SAE-15+HM
obtained from DLS measurements.

4.3.5. Contact Angle Measurements

Calcite plates (3cm x 3cm x 1cm) were first cut from calcite blocks by breaking
across the cleavage planes, cleaned using ethyl alcohol and subsequently dried at 120°C.
Following this, a small drop of oil (~ 1mm size) was placed on the calcite. The drop was
then allowed to age the calcite at 70°C for 3 days. During the ageing process, the drop was
kept covered to minimize evaporation. A uniform oil-patch was formed at the end of ageing
which was placed inside a quartz cell containing surfactant-brine solutions. The
temperature was regulated by an environmental chamber. The shape of the drops was
monitored using a high magnification camera and the contact angles extracted using the
ImageJ software. Figure 4.6 shows the side views of an aged oil-patch on calcite before

and after treatment with surfactant solutions.
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Figure 4.6b) Side-view of an oil patch
after treatment with surfactant solution.
The patch beads up indicating wettability
alteration by the surfactant.

Figure 4.6a) Side-view of an oil patch on
calcite. The drop spreads on the calcite
indicating that the patch is aged.

4.3.6. Adsorption Experiments

Batch adsorption experiments were carried out for the surfactants at 70°C and 90°C.
Indiana limestone particles were used as the representative carbonate surface for these
experiments. A constant brine salinity of 12% NaCl and 0.2% CaCl, was used for all the
experiments. Prior to each experiment, the brine was equilibrated with a given mass of
limestone at the experimental temperature for a day. This ensured that the brine
composition remained same for both the calibration and experimental samples. One part of
this brine was then used to prepare calibration samples in the concentration range of 100 —
4000 ppm. Another part was used to prepare the surfactant solutions for adsorption
experiments. Along with surfactant mixtures, pure co-surfactants were also used for this
study. 10 mL of these surfactant solutions were added to 2.75 g of prepared limestone
particles in centrifuge tubes and placed in an oven. The mixture was shaken periodically
for 24 hours and then allowed to settle without shaking for additional 24 hours. Following
this, the supernatant solution was separated to analyze the equilibrium bulk surfactant

concentration.
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4.3.7. Measurement of Surfactant Concentration

The concentrations of solutions containing only co-surfactants were analyzed using
the UV-Vis spectroscopy method. A Cary UV-Vis instrument in single-front mode was
used to observe absorbance peaks corresponding to 210 nm and 236 nm (Figure 4.7).
Separate calibration curves were prepared for each experiment.

Surfactant concentrations in mixed systems were analyzed using the NMR
technique. Samples were first prepared by pipetting 500ul of sample into a vial with 100ul
of Deuterium Oxide/TSP (3-(Trimethylsilyl)propionic-2,2,3,3-d4 acid, sodium salt)
standard solution (TSP 1umol/100uL). The samples were shaken and vortexed to ensure
homogeneity. The samples were analyzed by *H NMR using a Bruker AVANCE 400 MHz

NMR spectrometer.

Absorbance

200 250 300 350
A(nm)

Figure 4.7. Typical absorbance plots from UV-Vis measurements of co-surfactant
solutions.

H NMR analysis was performed using the water suppression experiment. 66,000

data points were used with a sweep width of 6,400 Hz. Separate calibration curves were
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prepared for each experiment prior to determining the unknown concentrations. The
adsorption is obtained from a simple mass balance

I'= Mg, (CO _C)/Smc | (2)
wherem,,,C,,C,Sand m are mass of the surfactant solution, initial surfactant
concentration, final surfactant concentration, BET surface area of limestone and mass of

limestone used in the experiment respectively.
4.4. RESULTS

4.4.1. Aqueous Stability and Cloud Point Measurements

Cloud point measurements were carried out for both SAE-9 and SAE-15 as the
primary component along with the co-surfactants. A brine salinity of 12% NaCl and 0.2%
CaCl, was used and the primary component concentration was kept fixed at 4000 ppm. Co-
surfactant concentrations of 2000 ppm and 4000 ppm were used to observe the effect of

co-surfactant composition. Figures 4.8 shows the cloud point values for different

140 ——————T——T—— 160 ——————— .
12% NaCl + 0.2% CaCl, Co-SLEJrfactant 129% NaCl + 0.2% CaCl, CO—SL(IJr‘fs:Ent
X [ 0 ppm i
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Figure 4.8. Cloud point values for a) SAE-9 and b) SAE-15 with co-surfactants at two
different concentrations.
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systems studied. Cloud points of solutions with only the primary component are 39°C and
65°C for SAE-9 and SAE-15 respectively. The cloud points increase significantly with
addition of co-surfactants. For SAE-9 the highest increase corresponds to MM with a cloud
point of 125°C. MM also gives the highest cloud point of 122°C for SAE-15. VM co-

surfactant is associated with the lowest cloud point elevation in both the systems.
4.4.2. O/W IFT Measurements

O/W IFTs were measured using the pendent drop technique at three different
temperatures 50°C, 70°C and 90°C whenever admissible by the system cloud point. Figure

4.9 shows the IFT values measured for selected mixed surfactant systems.
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Figure 4.9. Oil/Surfactant IFT values for a) SAE-9 and b) SAE-15 + Co-surfactants

The primary component concentration is again fixed at 4000 ppm and the co-surfactant
concentration is varied between 2000 ppm (SAE-15/Co-Surfactant — 2:1) and 4000 ppm
(SAE-15/Co-Surfactant — 1:1). For SAE-9 containing systems, the IFT values varied
between 0.8 — 1.1 mN/m whereas for SAE-15 containing systems the IFT values were

between 0.7 — 1.4 mN/m. These values indicate that the O/W IFTs are high enough to
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eliminate any microemulsion formation and consequently any emulsification-driven

process can be neglected.

4.4.3. Wettability Alteration

Contact angle measurements were used as an indicator for wettability alteration for
these mixed surfactant systems. The concentrations and temperatures used for these
experiments were same as those used in I[FT measurements. Initial contact angles measured
in the aqueous phase were around 160-170°. Figure 4.10 shows the final (equilibrium)
contact angles measured in brine and single component LM, respectively, at 70°C. The
high contact angles (~ 160°) indicate that brine and co-surfactant by themselves do not alter
the wettability of these systems. This also indicates that any wettability alteration observed
in the mixed systems is solely because of the primary nonionic surfactant. The effect of
primary component in mixed system can be seen in Figs. 4.10c and 4.10d which show the
final contact angle for SAE-9 + LM (1:1) and SAE-15 + LM (1:1) at 70°C. The oil patch
beads up giving a final contact angle < 90° indicating wettability alteration.

The final contact angles for surfactant mixtures are plotted in Fig 4.11. The contact
angles reported are the average of at least three separate measurements. At 50°C, SAE-
9+LM systems reported a contact angle value of about 68° and 78° for 2:1 and 1:1 SAE-
9/LM mixtures, respectively. This indicates an increase in contact angle or decrease in

wettability alteration as the percentage of co-surfactant is increased in the mixture.
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Figure 4.10. Final contact angles for a) brine and b) 4000 ppm LM ¢) SAE-9 + LM (4000
ppm:4000 ppm) and d) SAE-15 + LM (4000 ppm: 4000 ppm) at 70°C
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Figure 4.11. Bar plots showing final contact angles in mixed surfactant systems
containing a) SAE-9 and b) SAE-15.
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The contact angle values lower than 90°, however, still indicate a final water-wet state
which is desirable for capillary imbibition processes. Similar behavior is also observed for
SAE-9+MM systems. At 50°C, the contact angle was 72° for 2000 ppm (2:1 mixture),
which increased to about 120° when the concentration of MM was raised to 4000 ppm (1:1
mixture). These results indicate different degrees of dependence of wettability alteration
on the co-surfactant concentration for different co-surfactants.

There is a gradual decrease in the contact angle as the temperature is increased from
50°C to 70°C and then 90°C for the 1:1 SAE-9/MM system. This enhanced wettability
alteration at higher temperatures is similar in nature to observations from single surfactant
systems.'® For SAE-9+LM, however, a slight increase in the contact angle from 78° to 84°
was observed.

Final contact angle corresponding to just SAE-15 at 50°C was about 74°. The
addition of co-surfactant increases the contact angle, irrespective of the co-surfactant. This
means that the co-surfactant decreases the extent of wettability alteration in the mixed
surfactant system. SAE-15+LM systems exhibit contact angle in the range of 78° to 92°
depending on the composition of solution and the temperature. MM and MM2 containing
systems exhibit higher contact angles in the range of 90° to 120°. The highest wettability
alteration observed for SAE-15+HM systems was at 90°C where a 1:1 surfactant mixture
had a contact angle of 75°. Like SAE-9 containing systems, the co-surfactant composition
in the mixture affects the wettability alteration to different extents for different co-
surfactants. For SAE-15, the increase in contact angle upon addition of co-surfactant is
lower for LM than compared to MM and MM2. This behavior is similar to the mixed
systems containing SAE-9. For SAE-15+HM, at 50°C a significant increase in contact
angle is observed as the percentage of HM is increased in the mixture. However, at 70°C,

the change in contact angle is almost independent of the mixture composition. Wettability
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alteration for all systems containing SAE-15 is also enhanced as the temperature is

increased.

4.4.4. Adsorption Isotherms

Static adsorption experiments were performed for SAE-15 + LM and SAE-15 + HM
systems. Two different SAE-15/Co-surfactant compositions — 1/1 and 2/1 by mass were
used for these experiments. The temperature was also varied between 70°C and 90°C
whenever admissible by the system cloud point. The maximum concentration of primary
component was limited to 4000 ppm in all the experiments. Each experiment was repeated
at least twice to get an estimate of the associated measurement errors. Figure 4.12 shows
the adsorption of primary component SAE-15 and co-surfactant LM in SAE-15 + LM
systems at 70°C. The concentration in x-axis is the equilibrium bulk concentration of SAE-
15 and LM. The empty and filled red symbols in the figure correspond to 1/1 and 2/1 mass
composition of SAE-15 to LM, respectively. Adsorption measurements were done for just
SAE-15 previously.!® These adsorption measurements were done at lower temperatures
because of cloud point limitation. However, it can be used to compare the adsorption in
single and mixed systems and to understand the role of co-surfactant on the adsorption of
primary component. From Fig. 4.12a the maximum adsorptions of SAE-15 at 1/1 and 2/1
compositions are about 0.4umol/m? and 0.7umol/m?, respectively. Both values are lower
than the 1pmol/m? adsorption observed for just SAE-15 at 50°C (shown in dotted line).
This indicates that addition of co-surfactant decreases the adsorption of SAE-15 in the
mixed system. It also shows that the adsorption of SAE-15 in SAE-15+LM systems is
dependent on the initial surfactant composition - adsorption of SAE-15 increases with an
increase in the percentage of SAE-15. Figure 4.12b shows the adsorption of LM for these

mixtures. In addition to mixed surfactants, adsorption in single co-surfactant systems were
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also evaluated for both LM and HM at the same temperatures. In Fig. 4.12b the adsorption
in a solution of just LM is shown in blue circles. For SAE-15+LM systems, the adsorption
behavior of LM follows a similar trend to that of SAE-15. At the same bulk concentration,
the adsorption of LM increases as the composition of SAE-15 in the mixture increases. A
plateau in the adsorption of LM in 1/1 mixture was however not observed for the
concentrations evaluated.

Temperature also has a marked effect on the adsorption in this system. Figure 4.13
shows the adsorption behavior of SAE-15 and LM in mixed systems at 90°C. Only the 1/1
blend was stable at this temperature and the maximum adsorption of SAE-15 in the 1/1
blend increases significantly, from 0.4pmol/m? at 70°C to about 1pmol/m? at 90°C. The
maximum co-surfactant adsorption also increases from 0.8umol/m? at 70°C to 1.6pumol/m?

at 90°C. Maximum adsorption in LM solutions at 90°C was around 1.1pmol/m?.
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Figure 4.12. Adsorption isotherms of SAE-15+LM mixtures at 70°C. a) Adsorption of
SAE-15 versus the bulk SAE-15 concentration. b) Adsorption of LM versus the bulk LM
concentration. The dotted lines represent the maximum adsorption of SAE-15 in single
surfactant system at 50°C.
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Figure 4.13. Adsorption isotherms of SAE-15+LM at 90°C. a) Adsorption of SAE-15
versus the bulk SAE-15 concentration. b) Adsorption of LM versus the bulk LM
concentration. The dotted lines represent the maximum adsorption of SAE-15 in single
surfactant system at 50°C.
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The adsorption isotherms of SAE-15 and HM in SAE-15+HM mixed systems at
70°C are shown in Figs. 4.14a and 4.14b. The green filled and empty symbols represent
formulations corresponding to SAE-15/HM mass ratios of 1/1 and 2/1 respectively. At this
temperature, the maximum adsorption of SAE-15 was about 0.4pumol/m* for both the
different mass compositions. This adsorption is once again lower than the single
component adsorption of SAE-15 at a lower temperature (shown in dotted line), indicating
that the adsorption of SAE-15 is reduced in the presence of the co-surfactant. Unlike the
previous case, the extent of decrease is, however, relatively independent of the composition
of the mixture. The adsorption of the co-surfactant HM also exhibits a different behavior
than in SAE-15+LM systems. The maximum adsorption of just HM solution at this
temperature was around 0.6umol/m?. This adsorption remained relatively unchanged for a
1/1 SAE-15+HM mixture. However, further increase in the percentage of SAE-15 resulted
in a lower adsorption of HM. Figure 4.15 shows the adsorption isotherm of SAE-15 and
HM in these systems at 90°C. Once again, only the mixtures corresponding to 1/1 mass
compositions could be evaluated at this temperature. The adsorption of SAE-15 in the
mixture was around 0.45umol/m? which is slightly higher than the corresponding
adsorption at 70°C. Thus, along with co-surfactant concentration, temperature also did not
significantly affect the extent of adsorption of SAE-15 in SAE-15+HM system. Figure
4.15b shows that at 90°C, the addition of SAE-15 reduces the maximum adsorption of HM

from 1.1pmol/m? to 0.7umol/m?.
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Figure 4.14. Adsorption isotherms of SAE-15+HM at 70°C. a) Adsorption of SAE-15
versus the bulk SAE-15 concentration. b) Adsorption of HM versus the bulk HM
concentration. The dotted lines represent the maximum adsorption of SAE-15 in single
surfactant system at 50°C.
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Figure 4.15. Adsorption isotherms of SAE-15+HM mixtures at 90°C. a) Adsorption of
SAE-15 versus the bulk SAE-15 concentration. b) Adsorption of HM versus the bulk
HM concentration. The dotted lines represent the maximum adsorption of SAE-15 in
single surfactant system at 50°C.
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4.5. DISCUSSIONS

4.5.1. Aqueous Stability

The presence of charged group delay phase separation and increase the cloud point
of non-ionic surfactants. This is seen in the universal increase in cloud point upon the
addition of co-surfactant. In both SAE-9 and SAE-15 systems, the cloud point temperatures
increase going from LM to MM co-surfactant systems. From MM to HM and VM,
however, there is a consistent decrease in the cloud point values. This indicates the
importance of the structure of co-surfactant in determining the aqueous stability of mixed
surfactant systems. The cloud points rise steadily as the size of the co-surfactant is
increased from LM to MM and MM2. The increase is more prominent when the co-
surfactant has similar mass fraction as the primary component. MM has a slightly higher
increase compared to MM2 and this can be attributed to its higher charge density because
of higher degree of sulfonation. A further increase in the size to HM decreases the cloud
point. An increase in co-surfactant to VM, again, decreases the cloud point values — an
indication of the presence of an optimum co-surfactant structure in MM and MM2. This

optimum structure is expected to be different for different families of non-ionic surfactants.

45.2. O/W IFT Measurements

In order to understand the effect of co-surfactant addition, the IFTs corresponding
to SAE-x + co-surfactants are replotted against the system CPTD and this is shown in
Figure 4.16. The IFT values of single component SAE-x are shown in blue circles. Mixture
IFTs for 2:1 and 1:1 blends are shown in open and closed symbols respectively. Because
of fewer points and the relative closeness of measured IFTs, it is hard to infer any trend
from SAE-9 + co-surfactant IFT plot. However for SAE-15, it can be seen that the presence

of co-surfactants (dotted lines) reduce the IFT of primary component (solid line) at the
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Figure 4.16. Oil/Surfactant IFT for a) SAE-9 and b) SAE-15 + Co-surfactants plotted
against CPTD
same CPTD. The plot also shows the effect of co-surfactant structure on IFT reduction —
IFT decreases as the size of co-surfactant is progressively increased from LM (red dotted
line) to MM and MM2 (dark yellow dotted lines) to HM (green dotted line). Additionally,

IFTs of all systems show a universal decreasing trend as the temperature nears cloud point.

4.5.3. Wettability Alteration

A clear effect of the size of co-surfactant can also be observed in the wettability
alteration plots. The final contact angle increases as the size of the co-surfactant increases
from LM to MM, indicating lower wettability alteration. This observation is seen in both
SAE-15 and SAE-9 containing systems. For SAE-15 containing systems, the performance
picks up when the co-surfactant size increases to HM. This trend is identical to the one
observed in cloud point measurements indicating the correlation between wettability

alteration and the cloud point values.
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The increase in contact angle associated with systems exhibiting higher cloud
points seem to indicate that a better synergy between the nonionic surfactant and the co-
surfactant in the bulk lead to poorer wettability alteration.’®> This observation is in
accordance to previous findings for single nonionic surfactant systems where a more
hydrophilic surfactant, with a higher cloud point, led to a lower wettability alteration. At
the same time, the wettability alteration for those single surfactant systems was also
enhanced at higher temperatures. To account for both behaviors, the final contact angles
are plotted against CPTD as shown in Figure 4.17. To drive the point of universal behavior,
contact angles corresponding to SAE-x single surfactant systems (shown in colored circles)
are also included in the plot. While there is some scatter in the plot, a general qualitative
trend of lower contact angle and hence better wettability alteration can be seen as systems
move near their respective cloud points. For wettability alteration induced spontaneous
imbibition, optimum contact angles should be at least < 90°. The dashed line in Figure 4.17
identifies surfactant systems satisfying this criterion and most of these correspond to a
CPTD value in the range of 5-40. This plot, hence, can serve as an important tool to select
surfactant formulations based on the reservoir temperature and formulation cloud points.

It should, however, be noted that along with contact angle, the oil-water IFT
together determines the capillary driving force responsible for spontaneous imbibition.
Figure 4.18 plots this driving force as a function of temperature for mixed surfactant
systems of SAE-9 and SAE-15, respectively. In all cases, this driving force increases with
temperature. However, the trend in driving force with the co-surfactant type is easier to
understand when the x-axis is rescaled to CPTD. Figure 4.19 shows the driving forces for
different single and mixed-surfactant systems plotted against the CPTD. The colored
circles represent the driving force for single surfactant systems. The mixed surfactant

systems are shown in non-circular filled (SAE-x/Co-surfactant — 2:1) and open symbols
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Figure 4.17. Final contact angle as a function of Cloud Point Temperature Difference for
single and mixed-surfactant systems.

(SAE-x/Co-surfactant — 1:1). Two features of mixed surfactant systems can be studied from
this plot. An offset in driving force can be observed in the mixed surfactant systems by
comparing the solid line (single surfactant systems) and the dashed lines. This represents a
decrease in driving force which can be attributed to the decrease in O/W IFT and increase
in contact angle upon addition of co-surfactants. The effect of co-surfactant structure on
the driving force can also be understood from the plot. For LM, the driving force decreases
at a moderate rate (red dashed line) with an increase in CPTD. This behavior is the same
for both SAE-9 and SAE-15 containing systems. With an increase in the co-surfactant size
in MM and MM2, a much faster decrease in driving force is observed as the system moves

away from its cloud point (purple and dark yellow dashed lines). Once again this feature is
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Figure 4.18. Capillary driving force for different mixed surfactant systems as a function
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observed for both the primary components. A further increase in co-surfactant size is
however associated with a reduced rate of decrease in driving force - the driving force

change is relatively insignificant for HM containing systems (green dashed line).

4.5.4. Adsorption Isotherms

Adsorption of non-ionic surfactants has been found to play a critical role in
determining the extent of wettability alteration in similar carbonate-based surfaces.'® In
order to get a complete understanding of the different interfacial phenomena taking place
here, it is therefore essential to do the same for current systems of mixed surfactants. Owing
to the large number of possible combinations, a judicious choice of surfactants is necessary
for analyzing adsorption and the representative driving force values are used to make this
choice. For a successful spontaneous imbibition, it is essential to have a positive driving
force in the system. This comes directly from the fact that the contact angle needs to be
less than 90° for a favorable capillary pressure. The dotted line corresponding to zero
driving force in Figure 4.19 identifies the promising surfactant formulations based on this
criterion. Most of these formulations correspond to LM and HM co-surfactants and these
two cases are henceforth selected for adsorption studies. LM and HM also differ
significantly in terms of their sizes to allow for an investigation of the co-surfactant
structure and its correlation to adsorption and wettability.

Adsorption experiments show that the adsorption of LM in mixed systems is higher
than the cases where there is no SAE-15. This enhanced adsorption of co-surfactant, which
is observed at both 70°C and 90°C, indicates that for this system SAE-15 acts as the more
active adsorption species. It should be pointed that LM also has a tendency for adsorption,
however, the presence of SAE-15 leads to even higher adsorptions. On the other hand, the

fact that SAE-15 shows reduced adsorption in the presence of LM implies that LM hinders
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adsorption by stabilizing SAE-15 aggregates in the bulk solution. For this system of mixed
surfactants, the extent of stabilization and hence the adsorption depends on the
concentration ratio of the two species.

The observations from SAE-15 + HM adsorption experiments, however, indicate
a different adsorption mechanism than the SAE-15+LM systems. Since both the primary
and the co-surfactant undergo reduced adsorption than the single SAE-15 and HM systems,
it is likely that the two components have a better synergistic interaction amongst
themselves in the bulk which consequently diminishes their tendency for adsorption. In
other words, HM acts as a passivating species for adsorption of SAE-15 and vice-versa.

Thermodynamic correlations exist to determine the micelle composition of mixed
surfactant solutions, undergoing mixed micellization, at any given bulk composition, from
the knowledge of the CMCs of individual surfactants and that of the mixture. The micelle
composition tends to be equal to the bulk composition when the surfactant concentrations
are significantly higher than the mixture CMC. Since, the concentrations in discussion are
much higher than the measured CMCs, an estimate of micelle composition can provide
more insights into the observations. In order to investigate more about the mechanisms of
aqueous stabilization and adsorption, the composition of adsorbed aggregates is
determined from the adsorption isotherms. Figure 4.20 plots the molar fraction of SAE-15
in adsorbed aggregates against the total molar adsorption for SAE-15+LM and SAE-
15+HM systems. The dotted lines represent the initial bulk molar fraction of SAE-15. For
SAE-15+LM systems, it can be seen that at all temperatures, the adsorbed composition
differs significantly from the bulk composition for a wide range of total adsorption.
However, for SAE-15+HM systems, the adsorbed composition is quite identical to the bulk
composition. These observations correspond to the two different mechanisms mentioned

above. Previously it has been determined that adsorption in nonionic surfactants proceed
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Figure 4.20. Molar fraction of SAE-15 in the adsorbed aggregates versus total molar
adsorption for SAE-15+LM mixtures at a) 70°C, b) 90°C and for SAE-15+HM mixtures
at ¢) 70°C and d) 90°C. The solid lines in a) and c¢) correspond to bulk molar fraction of
SAE-15 in a 2/1 mixture of SAE-15/co-surfactant by mass. The dotted lines in the plots
correspond to molar fraction of SAE-15 in a 1/1 mixture of SAE-15/co-surfactant by
mass.

via micelle-like aggregates®?. It is quite likely to be the case for current systems where the
concentration ranges are much higher than the mixture CMCs. If that is the case, the
adsorbed aggregates are likely to be similar in morphology to the bulk micelles and the
composition of these adsorbed aggregates can help understand the different mechanisms in

play for LM and HM co-surfactants.®>® Schematically this is shown in Figure 4.21. For SAE-
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15+LM systems, the small co-surfactants are unable to penetrate deep into the SAE-15
micelle and hence exist mostly in the periphery as a charged corona which stabilizes the
SAE-15 aggregates in solution. The deviation of adsorbed aggregate composition from the
bulk composition indicates strong association of LM with SAE-15. As the concentration
of SAE-15 increases and more micelles are formed, more LM molecules can be found near
them which subsequently lead to higher adsorption of LM. The behavior with temperature
is also expected to follow a similar pattern where a higher adsorption of SAE-15 inevitably
leads to a higher adsorption of LM. With HM, the bigger co-surfactant molecule is
expected to interact much more strongly with SAE-15 micelles and the identical bulk and
adsorbed compositions indicate a possible mixed-micelle formation. The mechanism of
aqueous stabilization and adsorption are then determined by these mixed-micelles. The
correlation between adsorption and wettability alteration has also been developed and
studied in the past.'® The different mechanisms of aggregate formation for different co-
surfactants is therefore also likely to be the underlying cause of the trends observed in
contact angle and driving force values of these systems. However, a confirmation for this

needs a detailed molecular level analysis which is currently being done in a separate work.
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Figure 4.21. Schematic explaining the two different modes of aqueous stabilization for
SAE-15+LM and SAE-15+HM systems. LM molecules remain mostly near the
periphery of the SAE-15 micelles and stabilize through a solubilization mechanism. HM
molecules form mixed micelles and these charged micelles are responsible for aqueous
stabilization. In both cases, the mixed aggregates adsorb on the carbonate surface.

4.5.5. Universal Adsorption Behavior

A thermodynamic analysis has been done in the past to correlate the maximum
adsorption of a nonionic surfactant to the CPTD.® It was found that the maximum
adsorption when plotted on a mass basis scales linearly with CPTD and the adsorption
increases as the system moves near the cloud point. This was achieved either by decreasing
the surfactant hydrophilicity or by increasing the temperature. In order to check whether
this behavior holds true for the mixed surfactant systems or not, the maximum adsorptions
of SAE-15 have been plotted in Figure 4.22. The adsorptions corresponding to mixed
systems are shown in the non-circular symbols. Single-system adsorptions of different SAE
surfactants are also shown in the same plot in the filled circles. It can be seen that, the SAE-

15 adsorptions in mixed systems still have a good
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Figure 4.22. Maximum adsorption of SAE-x plotted against the system CPTD. Filled
circles correspond to single surfactant systems of SAE-15, SAE-30 and SAE-40. The
non-circular symbols are for the mixed systems of SAE-15+LM (red filled and empty
squares) and SAE-15+HM (green filled and empty diamonds). The lines are guides for
the eyes only. The lines show the offset in adsorption for mixed surfactant systems.

linear dependence on the CPTD. However, this behavior exhibits an offset compared to the
single surfactant systems. This offset has a similar trend to the one observed in the driving
force vs CPTD plots in Figure 4.19. Thermodynamically, this can be attributed to the
difference in adsorption energies associated with aggregate interactions for mixed and

single surfactant systems.

4.5.6. Adsorption and Wettability Alteration

The accessibility of bare solid surface around the three-phase contact line has been

known to play the dominating role in determining calcite-surfactant interactions which
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cause the oil to bead up. The extent of adsorption hence is expected to play a significant
role in determining the wettability alteration. This has been found true for the single-
surfactant systems. Figure 4.23a plots the final contact angle for the mixed systems against
the maximum adsorption of SAE-15(non-circular symbols). The final contact angles
corresponding to single surfactant systems of different SAE-x are also shown in the same
plot (filled circles). A trend of lower contact angle can be seen as the adsorption increases,
which confirms better wettability alteration at high surfactant adsorption. Figure 4.23b
shows the plot of capillary driving force versus the maximum adsorption. The offset in
driving force is evident in the plot. This further indicates the effect of addition of co-
surfactant in the system. The 1/1 SAE-15+HM mixture at 90°C exhibit a driving force
value which is quite high for the measured adsorption. The large micelle-size for this
particular system, as can be seen in Figure 4.5, is probably responsible for this anomalous
behavior. These plots indicate, that while the addition of co-surfactants allow the non-ionic
surfactants to be used at a higher temperature, it does so at the cost of lower wettability

alteration and driving force even at the same adsorption.

4.6. CONCLUSIONS

Mixed-surfactant systems consisting of SAE-x and anionic co-surfactants were
evaluated in the current study to analyze surfactant formulations with applications in high-
temperature, high salinity reservoirs. The addition of co-surfactants increased the aqueous
stabilities of nonionic surfactants by raising their cloud points. It is understood that these
co-surfactants form mixed aggregates with the nonionic surfactants and the presence of
charged groups in the co-surfactants cause a delay in the phase separation happening at the

cloud point. The effect of co-surfactant on aqueous stabilization is
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Figure 4.23. a) Final contact angle and b) Capillary driving force versus maximum
adsorption of SAE-x in single and mixed systems. Filled circles correspond to single
surfactant systems of SAE-15, SAE-30 and SAE-40. The non-circular symbols are for
the mixed systems of SAE-15+LM (red filled and empty squares) and SAE-15+HM
(green filled and empty diamonds). Lines are guides for the eyes only.
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studied by varying the size of the co-surfactants. MM co-surfactants were found to have
the maximum increase in cloud point for both the nonionic surfactants.

O/W IFT and contact angle experiments were performed to understand the
wettability alteration in these mixed systems. The extent of wettability alteration influenced
by co-surfactant structure, concentration and temperature. While the co-surfactants did not
alter wettability in their own, their presence caused a decrease in the wettability alteration
performance. This is seen as the offset in driving force for mixed surfactant systems
compared to the single ones. Stable mixed surfactant systems were identified which
modified an initially oil-wet surface to water-wet with final contact angles as low as 70°.

Mixed systems which exhibited a positive driving force were selected for
adsorption measurements. Mixed adsorption isotherms showed that the co-surfactants
decrease the adsorption of primary component in the system. The adsorption behavior was,
however, different for different co-surfactants. In SAE-15+LM systems, SAE-15 acted as
the more active adsorption component driving the adsorption of the co-surfactant. Higher
adsorptions were observed in systems with higher percentage of the primary surfactant. In
SAE-15+HM systems, adsorptions of both the components were hindered indicating a
strong inter-component synergy in the bulk. The adsorption of the primary component was
also relatively independent of mixture composition and temperature in this case. Based on
the calculations of molar compositions two different mechanisms were proposed for
aqueous stabilization and surface aggregation — a solubilization mechanism for smaller co-
surfactants and a mixed-micellization mechanism for the larger ones.

Adsorptions of nonionic surfactants exhibit a linear relationship with the system
CPTD. A similar behavior was also observed for the mixed surfactant systems. However,
there was an offset in the adsorption in mixed systems when compared to single surfactant

systems. Similar offset was also observed when contact angle and driving force was plotted
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against CPTD. In all cases, however, a higher adsorption and a high wettability alteration
were associated with systems closer to the cloud point. The correlation between surfactant
cloud point, wettability alteration and adsorption done in the current study, is an important
step in understanding surfactant formulations for wettability alteration at high
temperatures, particularly when nonionic surfactants are not directly applicable and a
higher O/W IFT is desired compared to typical anionic surfactants. It is critical to see how
the wettability alteration of these single and mixed systems translates to oil recoveries from
actual porous media. These need to be investigated through spontaneous imbibition tests
in oil-wet cores and this is being done currently. More investigation is also required to
develop formulations with higher wettability alteration which is typically associated with

higher oil recoveries and this is a part of future work.
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Chapter 5: Molecular Dynamics Simulations of Aqueous Nonionic
Surfactants on a Carbonate Surface

5.1. INTRODUCTION

Surfactants are amphiphilic molecules used in many industrial applications such as
detergency, lubrication, adhesives, and oil recovery because of their surface-active nature.
In enhanced oil recovery (EOR) surfactants can be used as wettability altering agents to
modify the fluid-solid interfacial energy to change a reservoir rock from oil-wet to water-
wet.1® Wettability alteration is essential to promote spontaneous imbibition of the aqueous
phase into the porous media to increase oil recovery.>® Spontaneous imbibition requires a
moderate to high interfacial tension (IFT) between the oil and water along with a water-
wet state. The wettability state is determined by the three-phase (oil-water-rock) contact
angle measured through the aqueous phase; a low contact angle is essential for spontaneous
imbibition to occur. The interactions between the surfactant and the rock determine the
extent of surfactant adsorption and the wettability or contact angle. Understanding the
extent and mechanism of adsorption as a function of the structure of the surfactant is
necessary to strike the optimum balance between adsorption and wettability alteration. In
practice one wants the lowest contact angle for the least amount of adsorbed surfactant.
The effectiveness of ionic surfactants is determined to a large extent by their electrostatic
interactions with the substrate. Anionic surfactants exhibit prohibitively high adsorption
on positively charged carbonate surfaces.'®*! Cationic surfactants tend to form ion-pair
complexes with negatively charged adsorbed oil molecules!?3 and this often requires high
surfactant concentration for maximum effectiveness.’* The lack of charged moieties in
nonionic surfactants provides several benefits. They are insensitive to high concentrations
of salts commonly found in oil reservoirs. Nonionic surfactants are also compatible with

other surfactants that may be present in the reservoir. However, because they are not
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charged, their interactions with the surface and water are determined by weaker van der
Waals and hydrogen bonding interactions.*>*In a recent study two families of nonionic
surfactants were evaluated experimentally to measure the wettability alteration on oil-wet
carbonate surfaces at different temperatures.'8 It was shown that surfactants with shorter
hydrophilic groups exhibit better wettability alteration with a lower contact angle of the
water-wet state. Wettability alteration was also enhanced at higher temperatures.
Activation energy calculations and oil-film experiments suggest that the final wettability
state is determined by surfactant molecules accessing and adsorbing on the bare carbonate
surface near the three-phase contact line. Further, it was found experimentally that an
increased adsorption of surfactants with fewer hydrophilic units and higher temperatures
leads to an enhanced wettability alteration.'® It has been proposed that nonionic surfactants
adsorb as aggregates or micelles rather than single molecules at concentrations around and
above their critical micelle concentration.'® 2928 According to this model, nonionic
surfactants are hypothesized to form micelle-like aggregates on the carbonate surface.®
The adsorption is thought to be driven by hydrogen bonding involving the ethoxylate
groups on the outside of the aggregate with the surface'® '’ and van der Waals interactions
between the surfactant molecules in the aggregate and the surface.?® A model for
aggregative adsorption has been developed which uses the cloud point temperature as a
key thermodynamic parameter to predict adsorption of nonionic surfactants.'® The cloud
point is the temperature above which the nonionic surfactant precipitates from solution.
The model predicts a universal curve for adsorption of different nonionic surfactants solely
based on the system temperature relative to the cloud point. However, there is no
molecular-scale evidence of aggregative adsorption of nonionic surfactants and its
connection to the cloud point. Here we aim to use molecular dynamics (MD) simulations

to understand the energy landscape associated with adsorption and its relationship to cloud
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point temperatures. The adsorption of ionic surfactants on mineral surfaces has been
studied using atomistic and coarse-grained molecular dynamics (MD) simulations.3%3* The
competitive adsorption of water and organic surfactants on scheelite (a calcium tungstate
mineral with the chemical formula CaWO4) was studied using atomistic simulations, and
it was found that the strongest adsorption happened when the molecules formed multiple
interactions with the substrate.®® The surface-bulk partition of anionic surfactants was
predicted using works employing coarse-grained MD simulations.>® Reasonable
predictions of adsorption isotherms and structures were made using the simulation data.
The adsorption of ionic surfactants on calcite has been studied using MD.*? Anionic
surfactants were found to have steep adsorption on the positively charged interface.
However, cationic surfactants were also observed to exhibit some adsorption, which was
attributed to diffuse charge distribution and a combination of hydrophobic interactions and
micellar exclusion. Zwitterionic surfactants displayed a composite behavior with charge-
driven adsorption and hydrophobic interaction driven aggregation. A similar study was also
done to investigate adsorption structures of anionic surfactants on silica.® The unfavorable
electrostatic interactions led to spherical micellar aggregates in the case of silica whereas
a self-assembled film of surfactants was observed on the oppositely charged calcite surface.
Anionic and nonionic surfactant aggregates have been observed on silica and MD
simulations reveal that surface hydroxylation to be the critical factor determining
adsorption mechanism.3* In the case of cationic surfactants, flat elliptical aggregate
structures were observed on silica, and their formation was driven by favorable surfactant-
substrate electrostatic interactions. Free energies of surfactant adsorption were also
measured using atomistic®® and coarse-grained MD simulations.®® To the best of our
knowledge, there have been no studies on the adsorption of nonionic surfactants on calcite

using molecular dynamics simulations.
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In this chapter we use atomistic MD simulations to begin building a picture of the
surfactant-substrate interactions driving adsorption for nonionic surfactants onto carbonate
surfaces. The simulations in the current work are for surfactants in water without salts to
understand the reference adsorption behavior and mechanism. The effect of the surfactant
structure is studied by simulating two lengths of ethoxylates on the nonionic surfactant.
Simulations at two temperatures are conducting to understand its role in the adsorption of

nonionic surfactants.

5.2. METHODOLOGY

The open-source MD simulation tool LAMMPS®"% was used for the simulations.
Organic molecules were modeled using the General AMBER force field (GAFF).® The
antechamber package?®, which is part of the AmberTools, was used to generate the partial
atomic charges based on the AM1-bcc method. The TIP3P*! model was used to describe
the interactions for water molecules that is consistent with GAFF.*?** Temperatures and
pressures were maintained for isothermal-isobaric (NPT) and canonical (NVT) ensembles
using the Nose-Hoover thermostat and barostats, respectively.*® Non-bonded interactions
were cut offat 12 A, and a long-range tail correction was used for these interactions beyond

the cut-off distance. Long-range electrostatics were calculated using the PPPM algorithm.*

5.2.1. Surfactant-Water Simulations

The two nonionic surfactants studied are shown in Table 5.1. They are secondary
alcohol ethoxylates with 15 and 40 ethoxylate units. The wettability alteration performance
and the adsorption of these surfactants have been analyzed experimentally in previous

works.18 19
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The aggregative behavior of surfactants in water was studied by randomly
distributing surfactant molecules in a 400 A x 400 A x 400 A box (Figure 5.1a). The
hydrophilic and hydrophobic components are represented in blue and green spheres,

Table 5.1. Nonionic surfactant evaluated in the study. Experimental CMC values are
reported at 25°C.18

Surfactant Structure Specification (x) | CMC (ppm)
SAE-x @) 15 162
(Secondary @) <« H
alcohol )\
ethoxylate) 40 1314
Ri1 Ro

respectively. The number of surfactant molecules was varied from 10 to 200 to observe the
effect of micelle size and shape on aggregation number (Nagg). 120,000 water molecules
were used in each simulation. Initial configurations were obtained by randomly distributing
molecules using the packing generator, Packmol.*” Each simulation was run for 100 ns,
which was found to be sufficient for equilibrating the systems. Total energy, as well as
surfactant size and shape (discussed in Sec 3.1), were measured over this period to ensure

equilibrium.
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Figure 5.1. a) Randomly distributed 100 SAE-15 and 120,000 water molecules used for
surfactant-water simulations. Water molecules are shown in cyan-colored points. b)
Randomly distributed 100 SAE-15 molecules to study adsorption on calcite (shown in
red). The blue and green spheres represent the surfactant hydrophile and hydrophobe,
respectively.
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5.2.2. Surfactant-Calcite Simulations

To simulate aggregative adsorption, calcite was used as a representative carbonate
surface. The crystal structure of calcite was developed using the Xcrysden software.*® All
the interactions were studied on the 1014 surface of calcite, which is its most stable
surface.*® The potential model for calcite was taken from the work of Pavese et al.>® which
has been demonstrated to successfully reproduce the properties of calcite and other
carbonates. Water-calcite simulations were first performed to calculate the surface energy
of the hydrated calcite surface and validate the selection of the potential model. Cross-
potential terms involving organic-mineral interactions were computed using the
methodology developed by Freeman et al.>! For these simulations, a cuboidal simulation
box of dimensions 121.5 A x 149.76 A x 300 A was used. Randomly distributed surfactant
molecules along with 120,000 water molecules were inserted along with a calcite slab of
dimensions 121.5 A x 149.76 A x 46 A (Figure 5.1b) and the system was allowed to
equilibrate for 70-80 ns. This was followed by 10 ns production runs to generate the energy
landscapes associated with aggregative adsorption. The full list of non-bonded interactions

is shown in Tables 5.2 and 5.3.

5.2.3. Adsorption Energetics

In order to extract the free energy change associated with adsorption of different
molecules, the umbrella sampling technique is used.® In this technique, the system is
traced as a molecule goes from an adsorbed state to a final desorbed state. The reaction
coordinate used in the process is the normal distance between the calcite surface and the
center of mass of the molecule concerned. A brief thermodynamic justification of the

technique is shown below.
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Table 5.2: Force-field parameters for Buckingham Potential - E = Ae "~ —Eﬁ

r

Atomtype | Atomtype | Potential type | A (kcal/mol) P A C(kcal-A®)
Cacalcite Ocalcite BUCkingham 35697.577 0.297 0
Ocalcite Ocalcite BUCkingham 377065.402 0.213 0
Cacalcite Oalcohol Buckingham 19576.053 0.297 0
Cacalcite Oether Buckingham 15891.180 0.297 0
Cacalcite Owater Buckingham 27327.991 0.297 0

12 6
Table 5.3: Force-field parameters for Leonard-Jones Potential - E =4¢ [[%) —(%J ]
Atom type Atom type Potential type ¢ (kcal/mol) o (A)
Ocalcite Csurfactant LJ 0.036 3.480
Ocalcite Oether LJ 0.030 3.360
Oocalcite Oalcohol LJ 0.033 3.403
Ocalcite Halkyl LJ 0.016 3.082
Oocalcite Heo LJ 0.016 2.993
Oocalcite Halcohol LJ 0.008 2.050
Ocalcite Owater L\] 0035 3376
Cealcite Csurfactant LJ 0.108 3.398
Ccalcite Oether L\] 0089 3277
Cealcite Oalcohol LJ 0.100 3.320
Ccalcite Halkyl LJ 0.047 2.999
Cealcite Heo LJ 0.047 2.999
Cealcite Halcohol LJ 0.023 1.968
Ccalcite Owater L\] O 105 3 . 293

154




From the canonical ensemble, a system at a temperature T will sample

conformation according to the relation
_U(a)

P(a)oce 7, (1)

where ¢ is a multi-dimensional vector representing the reaction coordinates in the system.

Along a particular reaction coordinate z, the probability becomes
U

P(2) o [dae *" 5(z-2(a)) - ()

The corresponding free energy change along the reaction coordinate is then given by

F(z)=—kgT logP(z). (3)
In order to sample the entire reaction coordinate selected within a computationally viable
time period, an additional bias which is typically in the harmonic form is applied to obtain
a biased distribution

_U(@)+V (z(a) _V(z(a))

P'(z)oc [doe  *T  S(z-z(@))xe * P(2) . 4

Here V (z(q)) is the applied bias along the reaction coordinate of interest.
The biased free energy change is then given by

F'(z) =—kgTlogP'(z)=F(2)+V(z)+C, (5)
where C is an unknown constant. In a general umbrella sampling, a harmonic bias function

is used which takes the form

vm:@ , (6)

where z, is the minimum of the bias. To obtain the energy landscape along a particular
coordinate, multiple simulations are performed and the bias minimum is varied in each of
them to encompass the entire reaction coordinate. The biased probability, P'(z) , is obtained
for each simulation in the process. Since, each biased probability has a different offset in
the form of the unknown constant C, the Weighted Histogram Analysis Method (WHAM)>3

is used to determine the optimal weighting to combine the simulations.
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5.3. RESULTS

5.3.1. Micellization Behavior

Above their critical micelle concentration (CMC) the surfactant molecules form
micelles in the bulk aqueous phase. This behavior was studied through simulations where
the number of surfactant molecules was varied, and the corresponding aggregation was
analyzed. For SAE-15, the number of molecules was varied from 10-200 (> CMC) and a
single micelle was observed in all cases. Figure 5.2a shows one such micelle of SAE-15
formed at S0°C. Studies suggest that surfactant molecules with similar structures typically
form spherical aggregates at low concentrations with a gradual transition to rod-shaped
structures at higher concentrations.> To determine micelle shape, the asphericity b was

calculated according to®°,

1 B
b{/ﬂ—i(ﬂz +/13)}Rg2 , (7)
where ; are the principal components of the radius of gyration squared tensor and R; is

the mean squared, time-averaged radius of gyration, and it is obtained from the trace of the
tensor.

Figure 5.2b shows the asphericity of the surfactant micelles as a function of micelle
aggregation number, Nagg. The asphericity decreases initially with the Nagg followed by an
increase at high aggregation signifying a sphere-rod transition. For SAE-15, this transition
happens around Nagg between 150-200. The asphericity is minimum around Naggof 100 and

this size was subsequently used to study the adsorption behavior
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Figure 5.2. a) SAE-15 micelle formation after 100 ns of simulations at 50°C with100
surfactant molecules. b) Asphericity of SAE-x micelles. Smaller the asphericity, closer
the micelle is to a spherical structure.

of SAE-15. For SAE-40 the corresponding Nagg was found to be around 40 for minimum
asphericity. The observed trend is in accordance with findings where the aggregation
number of micelles is found to decrease with an increase in the hydrophilicity of the

surfactant - the increasing unfavorable free energy contribution towards micellization for

larger polyoxyethylene headgroups gives rise to smaller aggregates.®® Experimental
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measurements of aggregation numbers for these surfactants in high salinity brines are
higher than predicted here.'® However it is known that aggregation numbers of similar
molecules increase in the presence of brine.>” Compared to similar nonionic surfactants in
pure water, the aggregation numbers predicted here are in the same range.*® Table 5.4 lists

the aggregation numbers for these surfactants along with their Rg . It can be seen that SAE-

15 micelles are larger in size compared to SAE-40.

Table 5.4. Micelle aggregation numbers, radius of gyration squared, number of
hydrogen-bonded water molecules per surfactant and adsorption well features for SAE-
15 and SAE-40.

Energy
Water/surfactant Well Energy .
. oy Barrier
molecules in position well
Nuge | Temp. | Ry(A) micelles (A) (ko T) (ko T)
25°C 25.2 13 10.0 1.2 1.6
SAE-15 1100 175550 25.6 8 7.5 1.8 1.2
25°C 24.0 38 9.0 1.2 1.8
SAE-40 40 50°C 24.2 25 8.0 1.4 1.2

The hydration of the surfactant micelles was determined by measuring the number
of water molecules hydrogen-bonded with the surfactant EO units. This is shown in Table
5.4. At 25°C there is about one water molecule per ethoxy group for both surfactants. This
number reduces by about a factor of two at 50°C, indicating poorer hydration of the micelle
as the temperature is increased. The decreased surfactant hydrations eventually lead to a

complete separation of the surfactant and water phases at the cloud point temperature.
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5.3.2. Micelle Adsorption on Calcite

To study the adsorption, surfactant and water molecules were randomly distributed
and introduced over the calcite surface. For SAE-15, 1 and 100 molecules were introduced,
and the resulting adsorption behavior was observed. In both cases a strong water-calcite
interaction exists that prevents direct adsorption of surfactant molecules on the calcite
surface (Figure 5.3). The aggregate formation was observed for 100 molecules with no
single molecule adsorption in the limit of “infinite dilution” of one surfactant molecule in

the simulation.
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Figure 5.3. Final simulation state for a) Single molecule of SAE-15 + water + calcite and
b) 100 molecules of SAE-15+water+calcite at 50°C. Both images correspond to the
minimum energy positions discussed in Sec 5.3.2.

Figure 5.3a shows the state of a single surfactant molecule on the calcite surface.
There is a thick layer of adsorbed water between the surfactant and the calcite. The
hydrophilic EO units have a coiled planar configuration which tries to maximize contacts

with both the water and calcite. Figure 5.4a plots the distance between the molecule and
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calcite-water interface as the simulation progresses. The fact that the separation continues
to increase with time indicates that this adsorption is very weak.

Surfactant aggregates were found to adsorb over the adsorbed water molecules
provided they were within a critical distance of about 10 A. For micelles farther from the

surface, no adsorption is observed during the 70 ns MD runs. This can be seen in Figure

5.4b, which
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Figure 5.4. a) MD trajectory of single SAE-15 molecule. b) MD trajectories for 100
molecule micelle of SAE-15 for two different initial positions.
shows the distance between the micelle and the calcite surface as a function of time
for two unbiased simulations — one in which the micelle was near the calcite surface in the
beginning (black squares) and the other where it was farther away (red circles). Unlike, the
micelle in bulk, the adsorbed micelle stays near the surface, indicating a stable adsorption.
The free energy landscapes associated with adsorption were investigated for
micelles with aggregation numbers listed in Table 5.4. The free energy profile was obtained
by performing umbrella sampling where the surfactant molecule(s) were subjected to a
harmonic bias given by Eqg. (6), where z refers to the reaction coordinate which in this case

was the distance of the surfactant molecule(s) from the calcite perpendicular to the surface
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as shown in Figure 5.3. K is the force constant associated with the bias and zo is the set
value for a particular sampling window. The values of z were varied to represent a sampling
window extending from the surface to the bulk aqueous phase. For each sampling window,
five ns equilibrium simulations were performed followed by five ns production runs to
generate the biased probability distributions.

Figures 5.5a-b shows the free energies for a single molecule of SAE-15 and SAE-
40 at 50°C plotted as a function of separation from the calcite surface. The difference
between the minimum energy value near the surface and energy value at a large separation
gives the adsorption free energy of the system. For SAE-15 this is about 0.45 kyT, whereas
for SAE-40 the adsorption free energy is around 0.65 kpT. The SAE-15 surfactant
corresponding to its minimum energy position is shown in Figure 5.3a.

To study micellar adsorption, a 100 molecule SAE-15 micelle and a 40 molecule
SAE-40 micelle was used for the umbrella sampling simulations. For these simulations,
the reaction coordinate was the perpendicular distance between the calcite surface and the
center of the mass of micelle. Figures 5.6a-b show the free energy profile associated with
micellar adsorption for the two surfactant molecules at 50°C. The x-axis in the plots shows
the separation of closest surfactant molecule from the calcite surface. In both the plots, a
local favorable adsorption zone is present near the calcite surface. These energy wells have
values of 1.8 kT and 1.4 keT for SAE-15 and SAE-40, respectively. Another prominent
feature of both profiles is the presence of a free-energy barrier to surface adsorption. For
both the surfactants, the long-range energy barrier is about 1.2 kyT . The configuration of
SAE-15 micelle corresponding to minimum adsorption energy is shown in Figure 5.3b.

Figures 5.7a-b show the energy profile for adsorption of SAE-15 and 40 at 25°C.

The presence of energy barrier and energy well in the plots are qualitatively similar to the
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Figure 5.5. Adsorption free energy profiles at infinite dilution for a) SAE-15 and b) SAE-
40 at 50°C.
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Figure 5.7. Adsorption free energy profiles for a) SAE-15 and b) SAE-40 micelles at
25°C
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ones at 50°C. The energy well values decrease at this temperature — 1.2 ko T for both SAE-
15 and SAE-40. The location of the energy well also moves further away from the calcite
surface. The energy barriers however increase — about 1.6 k»T for SAE-15 and 1.8 ks T for
SAE-40. Table 5.4 lists the energy well and barrier values for the surfactants at different

temperatures.

5.4. DISCUSSION

The depths of the adsorption energy wells for single molecules of SAE-15 and
SAE-40 are shallow. Both are less than k,T. Indeed random thermal motion causes a single
molecule of SAE-15 to diffuse away from the surface even when it begins near the calcite,
as shown in Figure 5.4a. The weak adsorption energy arises from a combination of EO-
carbonate interactions and dispersion forces between the surfactant and the surface.
Because the water layer is tightly bound to the surface, the surfactant molecule cannot get
close enough to the calcite surface to have an adsorption energy higher than kyT. The depth
of the adsorption well for SAE-40 is larger than SAE-15 because it is a larger molecule
with more EO-carbonate and dispersion force interactions.

The depths of the adsorption energy wells for micelles are much larger than that for
single molecules, with adsorption energies ranging from 1.2-1.8 k,T. This indicates a
stronger adsorption for the micelles than a single surfactant molecule. The SAE-15 micelle
in Figure 5.4b does not diffuse away from an initially close proximity to the calcite surface.
The greater strength of adsorption of a micelle compared to a single surfactant molecule is
due to the greater integrated energy of EO-carbonate and dispersion interactions with the
surface. The micelles have more surfactant molecules and hence an overall greater

attraction to the calcite surface.
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The presence of aggregative adsorption is in agreement with previous experimental
studies which investigated the adsorption of nonionic surfactants on hydrophilic
surfaces.'® 2224 These aggregates are similar to bulk micelles?’” and are formed by lateral
interactions between the surfactant hydrophobes. The structure of the surfactant also
determines the depth of the energy well. Previously it was shown that a higher adsorption
is correlated to an increase in the size of micelles.’® The size of the aggregates and
aggregation numbers is determined by the surfactant hydrophilicity — aggregation number
decreases with increasing hydrophilicity,*® which is born out in Table 5.4.

The extent of adsorption for a surfactant will be determined by the relative
contribution from each of the two energy features. A rough estimate of the partition

coefficient can be made from the energy barrier and well values using the relation

K — .
K = surface _ eXp[AGwell AGbarner ] , (8)
bullk ka

where AG,,, and AG denote the energy change associated with the energy well and

wel barrier

energy barrier from the free energy plots, k,is the Boltzmann’s constant and T is the
temperature.

Table 5.5 lists the values of partition coefficient and experimentally obtained
maximum adsorption for SAE-15 and 40 at 25°C and 50°C. The partition coefficients
predict higher adsorption for the more hydrophobic surfactant, SAE-15, at all temperatures.
The coefficients also predict an increase in adsorption as the temperature is increased to
50°C. This is true for both SAE-15 and SAE-40. Both these predictions are in good
qualitative agreement with the experimental observations as seen in the table.® The listed
experimental values refer to maximum adsorptions observed for these surfactants under
similar temperatures but in the presence of a brine salinity of 12% NaCl and 0.2% CacCl..

The increased adsorption with increasing temperature appears to be caused by closer
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proximity of the micelle to the calcite surface. The micelles are 1-2.5 A closer to the surface

at 50°C compared to 25°C.

Table 5.5. Estimation of the partition coefficient and comparison with
experimentally measured adsorptions for SAE-15 and SAE from ref. 19.

Adsorption from
Temperature Ksurface:bulk Experiments (umol.m)
25°C 0.64 0.6
SAE-15
50°C 1.65 1.0
25°C 0.55 0.2
SAE-40
50°C 1.35 0.4

Because the EO-carbonate and dispersion force interactions are greater the closer
to the calcite, there is a deepening of the adsorption energy well, leading to greater
adsorption. The micelle is able to get closer to the surface because the structuring of the
water near the calcite decreases with increasing temperature. Figure 5.8 illustrates the
density profiles of water and surfactant micelle as a function of distance from the calcite
surface. We see structural ordering of water by the surface of the calcite. As the temperature
increases, the structure is weakened due to thermal motion of the water.

At 25°C, the depth of adsorption wells is lower than that at 50°C for both the
surfactants. The stronger interactions of water with calcite, also makes it difficult for the
surfactant micelle to go near the surface and access the adsorption sites. This behavior is
confirmed in Figure 5.8, where the density of adsorbed water molecules increases at lower
temperatures. The energy wells are also pushed further from the water-calcite interface
confirming weaker calcite-surfactant interactions. The hindering action of the strongly

wetting water-film means the energy wells are comparable for both the surfactants even
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though SAE-15 aggregates are slightly bigger than the SAE-40 aggregate. The energy
barrier values are higher at lower temperatures. This also arises because of the increased
water density near the calcite surface. As shown in Table 5.4, the surfactant micelles also
have a higher affinity to the bulk phase at a lower temperature, where hydrogen bonding
and consequently, the aqueous hydration of surfactant molecules is stronger compared to

the hydration at 50°C.
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Figure 5.8. Density profiles of water and surfactant micelle as a function of separation
from the calcite surface.

The predicted correlation®® between surfactant cloud point and adsorption can also
be qualitatively explained from the current findings. The model uses the parameter, cloud
point temperature difference, CPTD = CP — T, to predict the micellar adsorption of
nonionic surfactants. Here CP is the cloud point of the surfactant solution, and T is the
temperature of the system. It is found that surfactant adsorption increases as the

temperature approaches the cloud point or CPTD approaches zero. At the cloud point, the
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surfactant solution starts separating into water and surfactant phases and is an indicator of
surfactant hydrophilicity. The rescaled parameter CPTD combines the effect of both
surfactant hydrophilicity and temperature on the underlying surfactant-water and
surfactant-solid interactions, which in turn determine the extent of adsorption. As
temperature increases, micelles adsorb more strongly because of closer proximity to the
surface. From Table 5.4, it can also be seen that ethoxy groups have poorer hydration at
higher temperatures. At higher temperatures, closer to the cloud point, these behaviors
increase surfactant adsorption. The trend with respect to surfactant hydrophilicity can also
be understood by considering the energy well depths and their relation to the micelle sizes.
Micelle sizes and aggregation numbers are determined by surfactant hydrophilicity!® %
and it is found that a larger micelle size is associated with a higher tendency of adsorption.
Typically, micelle sizes of these surfactants increase moving closer to their cloud points.*®
" This qualitatively follows the predicted behavior of higher adsorption near the cloud

point.
5.4. CONCLUSIONS

Nonionic surfactants like secondary alcohol ethoxylate have been found to be
effective in altering the wettability of an oil-wet carbonate surface to water-wet. The
mechanism and estimation of the extent of adsorption for such molecules were analyzed,
for the first time, using molecular dynamics simulations. The extent of adsorption was
found to depend both on surfactant structure and temperature — increased adsorption at high
temperatures and for more hydrophobic surfactants. Based on the empirically calculated
values of packing parameters obtained from the experiments, a micellar aggregative
mechanism was proposed. MD simulations confirmed the tendency of aggregative

adsorption as monomer adsorption was found to be energetically unfavorable. Free energy
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profiles of micellar adsorption exhibit a locally favorable energy well and a surfactant and
temperature-dependent long-range energy barrier to adsorption. The depth of the energy
well increases with temperature. This along with a decrease in the energy-barrier implies
higher adsorption at high temperatures. The sparse nature of adsorbed aggregates is
attributed to the typical low energy interactions of 1.1 kyT to 1.8 kyT. A rough estimation
of the surface to bulk partition coefficients for micellar aggregates agrees very well
qualitatively with experimental findings. The experimentally observed trend of increased
adsorption near the surfactant cloud point is also explained by considering the surfactant-
water and surfactant-solid interactions. The effect of surfactant aggregation number and
shape, particularly, near the surfactant cloud point, on adsorption warrants further
investigation to obtain a complete picture of micellar adsorption and its universal

correlation to cloud points.
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Chapter 6: Wettability Alteration and Spontaneous Imbibition by
Single and Mixed Surfactants in Carbonates

6.1. INTRODUCTION

Carbonate-based reservoirs contain more than half of world’s oil reserves.! Two
key features of these reservoirs — high natural fracturing and initial oil-wet state determine
oil recovery rates. The oil-wetness arises from the adsorption of acidic components from
the oil onto the carbonate surfaces.?® This inhibits the major mechanism of imbibition of
injection fluid in conventional waterflooding of fractured carbonates and results in low oil
production. Typically only about 20-30% of original oil in place (OOIP) is obtained
through primary and secondary recovery methods.

Surfactants have been an integral component of chemical enhanced oil recovery
(EOR) techniques to boost oil production. Surfactants can improve oil recoveries by either
lowering the oil-water (O/W) interfacial tensions (IFT) or by changing the wettability of
the solid surfaces. EOR technologies like surfactant-polymer flooding*® and alkaline
surfactant polymer flooding®® involve lowering O/W IFTs to ultra-low values to improve
oil mobilization inside the pores.*!! Surfactants have also been used to improve oil
recovery by altering the wettability of carbonate surfaces from oil-wet to water-wet.218
Altering the wettability to water-wet ensures a positive capillary force and allows
spontaneous imbibition of the aqueous phase into the formation to drive out oil into the
production wells. Cationic surfactants are believed to form ion pairs with adsorbed oil
molecules, which in turn leads to restoration of the water-wet state of the underlying
surface.*?* Anionic surfactants have been widely investigated and the primary mechanism
in this case is the lowering of O/W IFT, leading to emulsification.'®2° Distinction between
the capillary and emulsification driven imbibition mechanisms were provided by Zhang

and co-workers.?®  Recently, it has been observed that stable surfactant formulations
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containing both wettability altering and IFT reducing agents have a synergistic effect
leading to higher oil recovery than through wettability alteration alone.?! Limited literature
is available on the wettability alteration effect of nonionic surfactants on carbonate
surfaces.!® 2225 A surface hydrophilization mechanism arising from surfactant coating is
believed to be the driving force of surfactant action in this case.® 2 Along with surfactants,
brine salinity has also been found to determine the wettability alteration potential of
carbonates.?”%! The effect of potential-determining ions like Ca?*, Mg?* and SO4% has been
investigated in multiple works.32% Using SO+% and Ca?*, oil-wet surfaces like chalk have
been altered to a water-wet one. These divalents have been known to influence charge
distribution on mineral surfaces. Addition of SO4?* can reduce the positive charge density
of carbonate surfaces which can lead to increased surface accumulation of other cations
like Ca?*, and Mg?*. These cations can form ion-pairs with adsorbed carboxylates, which
then move to the bulk agueous phase, thus altering the wettability. Sulphates can also
promote desorption of carboxylates through a displacement mechanism on the positively
charged carbonate surface.

Spontaneous imbibition measurements combined with contact angle measurements
have been used in the past to highlight the effect of wettability alteration for such
systems, 14 16.20,21,24-25,29 Eing| contact angles have been reported for different anionic and
nonionic surfactants on calcite as a representative carbonate surface.'’*® 2325 Contact
angle values combined with O/W IFT give an estimate of the capillary driving force,
Vo €0S 8 , Which is responsible for spontaneous imbibition. Along with a low contact angle,
a moderate O/W IFT is hence desirable for spontaneous imbibition-driven oil recovery.
For such initially oil-wet surfaces and moderate O/W IFT systems, buoyancy driven co-

current imbibition leads to oil production mainly from the top face.
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Oil recoveries to the extent of 40-70% have been reported for cationic surfactants
in multiple works.>1* The same authors have also highlighted the importance of the core
ageing process on the oil recoveries.®* Using sulfated and sulfonated anionic surfactants
and ethoxylated nonionic surfactants, oil recoveries in the range of 20-40% have been
observed.?*? Significant increase in oil recoveries (up to 70%) and recovery rates have
been reported for both anionic and nonionic surfactants with an increase in temperature.?
The efficiency and success of spontaneous imbibition is also dependent on other factors
like pore structure, rock permeability, and fluid saturation.®>*® Spontaneous imbibition
experiments performed for nonionic and cationic surfactants have not revealed a universal
correlation with permeability. However, a maximum in oil production was observed in
many cases at an optimum permeability value which varied for different systems.®” Similar
behavior was also observed for oil recoveries, through spontaneous imbibition of brine, as
a function of initial water saturation.®®-3® The type of surfactants and reservoir conditions

also determine the rate of oil production through spontaneous imbibition. Typically higher

recovery rates are observed for high permeable systems.®” The parameter«/k/ ¢ , where k

and ¢ are the permeability and porosity respectively, is representative of the microscopic

pore dimensions and has been found to capture the effect of imbibition rates for different
porous systems. For a capillary driven process, a decrease in O/W IFT because of surfactant
addition is associated with a reduction in oil recovery rate. The dependence of recovery
rates is less for gravity or buoyancy-driven imbibitions. Universal scalings of oil recovery
with time incorporating system parameters like permeability, porosity, O/W IFT, phase
viscosities, and characteristic length have been developed by multiple works in the past.**-
42

The adsorption of surfactants also plays an important role in determining the

efficiency of a wettability alteration process.*® The adsorption of surfactants is essential for
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successful wettability alteration. However, very high adsorption implies surfactant loss
resulting in high surfactant requirements and inefficient process economics. A direct
correlation has been observed between surfactant adsorption and contact angle
measurements in the past and it is essential to understand if the correlation extends to
ultimate oil recoveries.

For wettability alteration, nonionic surfactants offer significant advantages
compared to other surfactant types through lower adsorption, low surfactant requirements
and by maintaining moderate O/W IFT values. In the current study, two nonionic
surfactants of the family of secondary alcohol ethoxylates are evaluated for wettability
alteration-based oil recovery through contact angle, adsorption, and spontaneous
imbibition experiments. Both contact angle and adsorption have been correlated in the past

to the thermodynamic parameter of cloud point temperature difference,
CPTD=T,-T, Q)

where T and T are the system cloud point and temperature respectively. The current study
is an extension of the past works to investigate the dependence of ultimate oil recoveries
on capillary driving force, surfactant adsorption, initial water saturation, and CPTD.
Nonionic surfactants exhibit phase separation at high temperatures which prevent
successful application for reservoirs with high salinity and temperature. The aqueous
stability of these surfactants can be increased by adding anionic hydrotropes to form mixed
surfactant solutions. While the concept of improving aqueous stability of nonionic
surfactants is not new, there have been very few systematic studies on wettability alteration
of such mixed surfactant systems in the past.?> ** In order to address this, mixed surfactant
systems of secondary alcohol ethoxylates and anionic cosurfactants were also evaluated
and the effect of the introduction of secondary component was analyzed in detail. The

effect of brine salinity, particularly of the concentration of SO4%", was also studied both for
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single and mixed-surfactant systems. The concept of CPTDis extended to these mixed

systems and an attempt was made at universal oil recovery predictions.

6.2. MATERIALS

Tables 6.1 and 6.2 list the surfactants used in the current study with their molecular

structures. All surfactants were provided by The Dow Chemical Company.

Table 6.1: List of nonionic surfactants evaluated in the study.

Structure Surfactant name Specification (x)
© 9
@) O H SAE-x (Secondary alcohol
ethoxylate)
15
Ri1 Ro

Table 6.2: List of anionic cosurfactnts evaluated in the study.

Surfactant name Specification
LM Low molecular weight
MM Medium molecular weight
HM High molecular weight

The family of nonionic surfactants studied were secondary alcohol ethoxylates represented
by SAE-x. The hydrophilic and hydrophobic components in this family are repeating units
of ethylene oxide (EO) and secondary alcohol respectively. The co-surfactants are anionic
surfactants, differentiated by their size. Calcite plates (Iceland Spar) were used as a
representative carbonate surface and they were obtained from Wards Natural Sciences.
Crude oil used in the experiments was obtained from a carbonate oil formation. Sodium

chloride and calcium chloride (Fisher) were used as received. Indiana limestone was used
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as the representative carbonate surface for adsorption and spontaneous imbibition
experiments. Indiana limestone for imbibition and adsorption experiments was obtained
from Kocurek Industries (TX, USA). Prior to adsorption experiments Indiana limestone
particles were sieved with 200-400 mesh, washed and dried. HPLC grade water (Fisher

Scientific) was used to make all the solutions.
6.3. METHODOLOGY

6.3.1. Cloud Point Measurements

Aqueous stability tests were performed by measuring the cloud point of surfactant
solutions (single and mixed). To do so, surfactant solutions were first prepared in glass
vials and then heated inside an oven for 20 minutes at a particular temperature. This was
followed by mild shaking to observe for the formation of white opaque phase. The
temperature was then increased by 1° and the above step was repeated. The onset of opacity

was reported as the cloud point temperature.

6.3.2. Capillary Driving Force Measurements

The O/W IFT and contact angle measurements were performed separately to obtain
the capillary driving force. The inverted pendant drop method was used to measure the IFT
values. Oil drops were introduced in a surfactant solution, heated to the required
temperature, using a syringe with inverted needle. The shape of the oil drop was monitored
using a high magnification camera and the IFT values were extracted from the images using
the Pendent drop plug-in in ImageJ.

Calcite blocks were used as representative carbonate surface for the contact angle
measurements. Calcite plates (3cm x 3cm x 1cm) were first cut from calcite blocks by

breaking across the cleavage planes. They were cleaned using ethanol and dried at 120°C
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for 2 days. A small drop of oil (~ 1mm size) was placed on the calcite and allowed to age
at 70°C for 3 days. Following the ageing process, a uniform oil-patch was formed. The
calcite plate was then placed inside a quartz cell containing the heated surfactant solutions.
The temperature was regulated by an environmental chamber. The shape of the drops was
monitored using a high magnification camera and the contact angles were measured using
the ImageJ software. Contact angle measurements for a given system were repeated at least

three times and the average value was used.

6.3.3. Adsorption Measurements

Static adsorption experiments were carried out for the single and mixed surfactants
to obtain adsorption isotherms. The choice of temperature was determined by the cloud
point of the surfactants. A constant brine salinity of 12% NaCl and 0.2% CaCl> was used
for all the experiments. Surfactant stock solutions were first prepared at different
concentrations and equilibrated with limestone particles. This pre-equilibration step takes
care of the effect of limestone dissolution on brine composition. 10 mL of surfactant
solutions were added to 2.75 g of prepared limestone particles in centrifuge tubes and
placed in an oven at the experimental temperature. The mixture was shaken periodically
for 24 hours and then allowed to settle for another 24 hours. The supernatant solution was
then separated to analyze the equilibrium bulk surfactant concentration.

The concentration of SAE-X in a single component system was measured using
High Performance Liquid Chromatography (HPLC) with an Evaporative Light Scattering
Detector (ELSD). Surfactant concentrations in mixed systems were analyzed using the
NMR technique. Detailed methodologies are available from previous works involving the

same family of surfactants.*® ¢ Separate calibration curves were prepared for each
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experiment prior to determining the unknown concentrations. The adsorption is obtained

from a simple mass balance
r'=m,(C,-C)/Sm,. )

6.3.4. Spontaneous Imbibition Experiments

Outcrop Indiana limestone cores were prepared for the spontaneous imbibition
tests. Small cylindrical plugs of 1 height and 1” diameter were first drilled from these
cores. These core plugs were dried by heating them at 80°C for a week. Different procedure

was followed to prepare cores with different initial brine saturations.

6.3.4.1. Zero Initial Water Saturation

Dried cores were weighed and placed inside a vacuum flask with a three-way valve
connection. The vacuum connection was opened, and the cores were vacuumed for a day.
The valve was switched to an oil reservoir following the vacuum operation and closed once
all the cores were submerged in oil. The cores were weighed again to obtain the pore

volume and porosity (4) values. Following the oil saturation step, the cores were aged by

keeping them inside oil at 70°C for 2 weeks.

6.3.4.2. Low Initial Water Saturation (10% — 20%)

Dried cores were weighed and vacuumed as mentioned in the previous section.
Following the vacuum operation, the cores were saturated with brine by switching the valve
to a brine reservoir. The cores were taken out and weighed to obtain the pore volume and
porosity. These cores were then centrifuged in a Beckman ultracentrifuge (Model L8-80M)
by first placing them in appropriate core holders. The core holders allow displacement of
the water phase by air or oil. In this mode of preparation, brine was allowed to drain by

centrifuging at 7000 rpm for 1 day. After 1 day, the cores were reversed and centrifuged
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again to ensure uniform fluid distribution. The cores were weighed after the centrifuge step
to measure the residual water saturation. These cores were then placed in the vacuum flasks
again and oil saturation was performed following the steps mentioned in the previous
section. The procedure generated cores with initial water saturation in the range of 13% -

20%. Cores were aged by keeping them immersed in oil at 70°C for 2 weeks.

6.3.4.3. Moderate to High Initial Water Saturation (30% - 50%)

Cores were first saturated with brine as mentioned in the previous section. The
cores were then placed in the centrifuge and the brine was displaced with oil by
centrifuging at 7000 rpm for 1 day. The process was repeated with the core direction
switched to ensure uniform distribution of fluids. Higher initial water saturations of 30%-
45% were generated using this process. The cores were aged in a similar manner as before.

Following the ageing process, the cores were placed inside custom-made imbibition
cells and filled with surfactant solutions. Imbibition tests were performed, and oil

recoveries were reported at different temperatures for different surfactant systems.
6.4. RESULTS AND DISCUSSIONS

6.4.1. Aqueous Stability and Cloud Point Measurements

Cloud point measurements for SAE-9 and SAE-15 surfactants with different co-
surfactants are shown in Figs. 6.1a and 6.1b. The brine salinity used for these
measurements were 12% NaCl and 0.2% CaCl,. The concentration of the primary
surfactants — SAE-9 and SAE-15 were kept constant at 4000 ppm. Co-surfactant
concentrations of 2000 ppm and 4000 ppm were used to observe the effect on cloud point.
The co-surfactants raise the cloud point of the primary surfactants and the increase is higher

at a higher co-surfactant concentration. The increase in cloud point is attributed to a delay
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in phase separation of surfactant aggregates because of the presence of charged groups.
Both surfactant and co-surfactant structure also influence the extent of increase in cloud
point. Medium molecular weight, MM, gives the maximum increase for both SAE-9 and
SAE-15. While high molecular weight co-surfactant, HM, increases the cloud point of
SAE-15 significantly, it performs poorly for SAE-9. Based on the cloud point values,
selected surfactant systems were subsequently evaluated in wettability alteration,

adsorption and spontaneous imbibition experiments.

12% N‘aCI + 012% Ca(l_‘,l2 Co-Surfactant 12% NaCI + 6_2% CE;CIZ Co-Surfactant Conc.
1 Conc. . 140 4 I 0 ppm
| 4000 ppm SAE-9 1 | 4000 ppm SAE-15 [ 2000 ppm
~~120 4 I 0 ppm { =120 b) I 4000 ppm
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Figure 6.1. Cloud point values for a) SAE-9 and b) SAE-15 with co-surfactants

6.4.2. O/W IFT Measurements

O/W IFT values for the surfactants, measured using the pendent drop technique,
are shown in Figs. 6.2a and 6.2b. Brine salinity and surfactant concentrations as mentioned
in the previous section were used for these measurements. The temperatures were varied
between 50°C and 90°C whenever allowed by the system cloud points. IFT values for
single and mixed SAE-9 systems varied between 0.7 — 1 mN/m. For SAE-15 systems IFTs
were between 0.7 — 1.4 mN/m. The high IFT values compared to the ultralow IFT regime
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(IFT < 10 mN/m) eliminates the possibility of wettability alteration through a spontaneous
emulsification mechanism. No universal correlation between concentration of co-
surfactants and IFT values can be observed from the plot. However, a higher temperature

is typically associated with lower IFT values, particularly for SAE-15 systems.
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Figure 6.2. Oil/Surfactant IFT values for a) SAE-9 and b) SAE-15 + Co-surfactants

6.4.3. Contact Angle Measurements

Contact angle measurements were performed on calcite surfaces to evaluate
wettability alteration using surfactant systems. The surfactant concentrations and
temperatures used were same as those used for IFT measurements. Figure 6.3a shows the
final contact angle of aged oil drop on calcite when the system was placed in just brine of
12% NaCl and 0.2% CaCl,. In this case the contact angle is around 160° implying no
wettability alteration. Similar behavior is also observed for solutions containing just the
co-surfactants as shown in Fig. 3b. Contact angles corresponding to SAE-9 + LM (4000
ppm: 4000 ppm) and SAE-15 + LM (4000 ppm: 4000 ppm) are shown in Figs. 6.3c and
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6.3d. The addition of primary surfactant causes the oil drop to bead up, which indicates
wettability alteration driven by the primary surfactant.

The final contact angles measured through the aqueous phase are plotted for the
different surfactant mixtures in Figs. 6.4a and 6.4b. The effect of co-surfactant addition can
be clearly seen in the plots. At 50°C, the contact angle for the pure component primary
surfactant is the lowest and the addition of co-surfactants increases the contact angle
indicating a shift towards lower wettability alteration. This implies that while the co-
surfactant doesn’t itself affect wettability alteration, it does hinder the performance of the
primary surfactant. The effect of surfactant structure can also be studied from the plots —
surfactant systems with MM as the co-surfactant exhibit the poorest wettability alteration.
Better performances are observed with the smaller sized LM and the larger HM as co-
surfactants. Another common trend that is observed from the plots is that the final contact
angles always decreased with an increase in temperature. This indicates enhanced
wettability alteration at higher temperatures, and this is true for both single and mixed-
surfactant systems.!® The effect of addition of SO4> is shown for two cases — SAE-15 at

50°C and SAE-15+HM mixture at 90°C. In both these systems the final contact angle is

A

)\ S

B .. -

c) d) »&l jﬂ

Figure 6.3. Final contact angles for a) Brine and b) 4000 ppm LM c¢) SAE-9 + LM (4000
ppm:4000 ppm) and d) SAE-15 +LM (4000 ppm: 4000 ppm) at 70°C
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Figure 6.4. Bar plots showing final contact angles in mixed surfactant systems containing
a) SAE-9 and b) SAE-15. Initial contact angles are typically between 160°-170°.
less than the one in which there is no SO4%, highlighting the enhanced wettability alteration

effect of SO4%.
6.4.4. Capillary Driving Force

The O/W IFT and the contact angle values together can be used to generate the
capillary force that is necessary to drive spontaneous imbibition of the aqueous phase.
Figures 6.5a and 6.5b show this driving force for SAE-9 and SAE-15 systems as a function
of their CPTDs. The reason for doing so is to normalize the difference in cloud points of
different surfactant solutions and get a more meaningful comparison between the single
and mixed-surfactant systems. Besides, CPTD has been found to be a thermodynamic
parameter that is closely associated with wettability alteration and surfactant adsorption in
the past.*® The colored circles in Figures 6.5b represent the single component systems. The
open symbols are for mixed systems with equal mass composition of surfactant and co-

surfactant whereas the closed non-circular symbols are for systems with 2:1 composition
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of surfactant to co-surfactant by mass. The concentration of primary surfactant was fixed
at 4000 ppm. It can be seen from the plots that single component systems exhibit a positive
driving force between 0.1 to 0.3 mN/m. The driving force reduces upon addition of co-
surfactant and this decrease is because of both the decrease in O/W IFT and increase in
contact angle for the mixed systems. Once again, the effect of co-surfactant structure can
be seen from the plots. For both SAE-9+LM and SAE-15+LM systems, the driving force
reduces at a low rate with respect to CPTD. However, a steeper decrease in driving force
is observed for the MM systems. The rate then decreases once again for the SAE-15+HM
systems. A successful spontaneous imbibition necessitates the presence of a positive
driving force as shown by the dotted line in Figures 6.5a and 6.5b. This is exhibited mainly
for the SAE-9+LM, SAE-15, SAE-15+LM and SAE-15+HM systems and these systems

were picked for spontaneous imbibition experiments.
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Figure 6.5. Capillary driving force for a) SAE-9 and b) SAE-15 containing systems
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6.4.5. Adsorption Experiments

The systems of SAE-15, SAE-15+LM, and SAE-15+HM have been analyzed for
adsorption in the past. Figures 6.6a-c show adsorption isotherms for SAE-15, SAE-15+LM

and SAE-15+HM at different temperatures. A maximum adsorption of around 0.7 mg/gm
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Figure 6.6. Adsorption of SAE-15 at different temperatures for a) single surfactant and
mixed-systems with b) 1/1 mixture (by mass) with LM and c) 1/1 mixture (by mass) with
HM. d) Maximum adsorption of SAE-15 as a function of system CPTD

was observed for SAE-15 at 50°C. Mixed surfactant adsorptions were carried out at both

70°C and 90°C. Both systems exhibited an increase in adsorption with temperature;

however, the increase was more prominent for SAE-15+LM systems. The maximum
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adsorptions of the primary component SAE-15 in SAE-15+LM were 0.3 mg/gm and 0.9
mg/gm at 70°C and 90°C, respectively. For the SAE-15+HM system these values were 0.3
mg/gm and 0.35 mg/gm, respectively. The maximum adsorption, I’ s, of SAE-15 in
both single and mixed systems can be plotted against the CPTD to understand the effect of
co-surfactant addition. This plot is shown in Fig. 6.6d and mixed systems exhibit reduced
adsorption at the same CPTD values. The behavior is identical to capillary driving force

trends for single and mixed systems.

6.4.6. Spontaneous Imbibition Experiments

Indiana limestone cores saturated with different initial oil saturations were used for
spontaneous imbibition experiments. The importance of the ageing process for carbonate
cores have been discussed in previous works where it was found that strongly adsorbing
surface-active molecules tend to coat the outer core surface, giving rise to inaccurate oil-
wetness and preventing imbibition of nonionic surfactant solutions.®* To check if this was
the case for the current work or not, one drop each of brine and SAE-15 solution was placed
on the outer surface of an aged limestone core and the state of the drops was observed over
time. Figures 6.7a and 6.7b show the initial and final drop states for the case of brine.
Figures 6.7c and 6.7d are for the SAE-15 drop. For brine, an initial contact angle of around
90° was observed which remained constant over time with no change in the drop size or
state. For SAE-15, an initial contact angle of 160° was observed and within four minutes,
the drop completely seeped inside the core. These observations together indicate that while
the outer core surface is oil-wet, it still allows imbibition of the surfactant solutions.

Table 6.3 lists the core properties, experimental conditions, and the results of
different spontaneous imbibition experiments. Brine solutions were first used at three

different water saturations and only about 2 — 4% of OOIP was recovered as shown in Fig.
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6.8a. The typical observation during the surfactant-enhanced oil recovery process is shown
in Fig. 6.8b. Clear separation was observed between the aqueous and oleic phases

indicating the absence of any emulsification. Oil drops were mostly generated from the top

Figure 6.7. a) Initial and b) final contact angles of brine on outer surface of oil-aged
Indiana limestone. c) Initial and d) final contact angles corresponding to 4000 ppm SAE-
15

of the core and collected at the top of the cell. This indicates that oil recovery in these cases
was dominated by buoyancy-driven imbibition mechanism. Figure 6.9a shows the oil
recovery profiles for SAE-15 at 50°C. These imbibition experiments were performed at
three different initial water saturations (Swi). For 100% oil saturated core, about 36% of
OOIP was recovered. The oil recovery increased to 47% when Sw; was increased to 10%.
In both these cases most of the oil recovery was obtained within 20 days of the start of
experiment. At a high Swi of 42% only 12% recovery was observed. It took about 10 days

to reach the final oil recovery. These findings indicate the importance of initial water
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saturation on ultimate oil recoveries. The oil recoveries first increase going from Swi = 0 to

Swi = 10%. This is because the presence of water-only zones inside the pores, where the

surface is still hydrophilic, promotes enhanced imbibition of the aqueous phase compared

Table 6.3. Core properties, experimental conditions, and results for spontaneous imbibition
experiments

Drivin Oil

( oﬁ) ) Swi(%0) | T(°C) Surfactants (ECP) (mlll\zl;rm) ( rllzq?\lrfrzg) R)e/c(?;oer

OO0IP)

13.6 0 60 - - 15.7 - 1.1

Brine | 13.8 15 60 - - 15.7 - 2.2
14.2 33 80 - - 17.0 - 4.1

13.8 0 50 SAE-15 67 1.1 0.27 36.4

14.4 10 50 SAE-15 67 1.1 0.27 47.5

13.5 42 50 SAE-15 67 1.1 0.27 12.3

13.4 0 90 SAE-15+LM 95 0.8 0.14 14.0
SAE-15 | 14.0 10 90 SAE-15+HM 108 0.7 0.21 26.0
14.2 20 90 SAE-15+LM 95 0.8 0.14 25.1

14.0 17 50 SAE-15+1%S04> | 62 17.0 0.30 57.1

13.9 17 90 Séi;/:ggl;M 100 0.7 0.24 29.0

13.6 37 50 SAE-9+LM 90 0.8 0.20 10.0
SAE-9 | 14.8 20 50 SAE-9+LM 90 0.8 0.20 215
14.1 18 90 SAE-9+MM 120 11 0.09 18.3

to cores where water is initially absent. The low oil recoveries at high water saturations,

on the other hand, correspond to poor mobility of the oil phase because of disconnected oil

zones and subsequent oil trapping.

In order to perform these experiments at an elevated temperature of 90°C, co-

surfactants LM and HM were added to SAE-15. All formulations consisted of 4000 ppm

SAE-15 and 4000 ppm co-surfactant. Qil recovery curves corresponding to three different

systems — SAE-15+LM at Swi= 0, Swi = 20% and SAE-15+HM at Swi = 10%, are shown in
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Fig. 6.9b. The maximum oil recovery at zero initial water saturation was 15% and at low

initial water saturation they were about 25% and 26% for the SAE-15+LM and SAE-

15+HM system, respectively. These oil recoveries are lower than those observed for single-

component surfactant SAE-15 at 50°C and the decrease can be attributed to the lowering
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Figure 6.8. a) Oil recovery plots for brine solutions. b) Typical oil recoveries in the
presence of surfactants. Oil is generated mostly from the top surface of the core.
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Figure 6.9. Qil recovery plots for a) single SAE-15 at 50°C and b) mixed systems

containing SAE-15 and co-surfactants at 90°C
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of capillary driving force in mixed systems as discussed previously. The effect of capillary
driving force on ultimate oil recoveries is discussed later.

Imbibition experiments were also performed for SAE-9 with co-surfactants LM and
HM. Like in the previous case, all surfactant concentrations were fixed at 4000 ppm. The
oil recovery plots are shown in Fig. 6.10. At 50°C, the maximum oil recoveries were 22%
and 10% for low and high initial water saturations, respectively. These oil recoveries took
place within a week. The SAE-9+MM mixture was used at 90°C with a core with Syi=18%
and an oil recovery of 17% was observed in this case.

The effect of brine salinity on oil recoveries from spontaneous imbibition was also
studied. Figure 6.11 shows the oil recoveries for surfactant solutions in a brine of 12%
NaCl, 0.2% CaCl, and 1% SO4?". The two surfactant systems are SAE-15 at 50°C and SAE-
15+HM at 90°C. The initial water saturation in both the cases was 17%. The ultimate oil
recovery for SAE-15 with 1% SO4? at 50°C was about 57% which was 10% more than the
oil recovery for SAE-15 alone. Similarly, addition of 1% SO4? in SAE-15+HM at 90°C
gave an additional oil recovery of 3%. This indicates the positive effect of divalent ions

like SO4* on wettability alteration and imbibition-driven oil recovery.
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Figure 6.11. Qil recovery plots for systems containing 1% SO42".

Multiple scaling laws have been proposed in the past to scale imbibition rate from

laboratory to reservoir scale.*%? These are dependent based on whether the imbibition is
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driven by gravity or capillary forces. The dominant mechanism for imbibition can be
obtained by measuring the inverse of Bond number, Ngl:

F
k ow
Ng'=C-——, ©)
ApgL
where Ap is the density difference between the two phases, kis the permeability, g is the
acceleration due to gravity and L is a characteristic length. C is a dimensionless constant
which has a value of 0.4 for capillary tube model. Nglgives the ratio of gravity and
capillary forces in the system. Ngl > 5 imply capillary force-dominated recovery whereas
values < 0.1 imply a gravity dominated process. Intermediate values suggest that both
forces govern the imbibition.*s Ng"for the current system of surfactants and cores were
between 0.7 - 2 implying that imbibition process consists of both mechanisms but mostly
dominated by gravity forces. This was confirmed from the fact that most of the oil was
produced from the top surface of the core. Based on the values of Ngl, two different time-
scalings are attempted — one for systems where capillary forces are reasonably high to use

the time-scaling developed for moderate to high IFT systems,*?
7ow k (4)

e = T 2\ 9

and the other which is developed for systems dominated by gravity,*
kApg
td,gravity =t m ) (5)

where t; is the dimensionless time, tis time, x, and g, are oil and water viscosities and

L. is a characteristic length for imbibition process. (4) has been modified accordingly with

the contact angle to consider the effect of wettability alteration in the current study. (4) is

thus rewritten as
_t You COSO cos @ k (6)

d ,cap '_,UO/JW LC
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where cos @ is the final contact angle in a particular system. For the current study, the only
variables are driving force and viscosities. The dimensionless oil recovery plots are shown
in Figs. 6.12a and 6.12b. It can be seen that a better collapse of the dimensionless recoveries
is obtained when the time-scaling based on gravity as the dominant mechanism, is used.
This is not surprising considering the values of N_*.

Figure 6.13 shows the ultimate oil recoveries as a function of initial water
saturations for the different systems studied. As discussed before, a trend of maximum oil
recovery at an optimum low initial water saturation is observed in the spontaneous
imbibition experiments. It can also be seen that mixed surfactant systems have lower oil
recoveries than the single surfactant ones. The fact that these mixed systems have a lower
driving force indicates there is a correlation between the capillary force and the oil

recoveries. Any attempt at a universal prediction of oil recoveries, hence, must take this
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Figure 6.12. Plot of fractional oil recovery vs dimensionless time for different
spontaneous imbibition experiments

capillary force into account. Also, as mentioned previously, wettability alteration and

capillary driving force can be correlated to CPTD.** 5 Figure 6.14a plots the maximum oil
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recovery at similar initial water saturations versus the system CPTD. Qualitatively, oil
recoveries increase as the system moves near the cloud point. The offset observed before
in Fig. 6.7 also appears in this plot in the form of lower oil recoveries for the mixed systems.

A common linear behavior however appears when the rescaled oil recovery,

R, =£is plotted against CPTD at similar initial water saturations. Here y, is the
Yo COSE

oil-brine IFT at a given temperature. This plot is shown in Fig. 6.14b and it highlights the
universality of the parameter CPTD in determining wettability alteration for different
surfactant systems. Figures 6.7 and 6.14 together can serve as a critical tool to predict oil

recoveries by surfactant-based wettability alteration.
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Figure 6.13. Ultimate oil recoveries as a function of initial water saturations
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Figure 6.14. a) Maximum oil recoveries plotted against system CPTD for different single
and mixed-surfactant systems. b) Ultimate oil recoveries rescaled by capillary driving
force plotted against CPTD. The dotted line is a guide for the eye only.

6.5. CONCLUSIONS

Surfactant formulations from the family of nonionic secondary alcohol ethoxylates
were evaluated for wettability alteration and oil recovery from oil-wet carbonate surfaces.
Contact angle and O/W IFT measurements were performed to derive the capillary driving
forces responsible for imbibition-driven recovery processes. Anionic co-surfactants were
added to form mixed surfactants with enhanced aqueous stabilities to raise the operating
temperatures beyond the cloud point of the nonionic surfactants. The effect of the addition
of co-surfactant was also analyzed in terms of wettability alteration and it was found that
these mixed systems exhibit a decreased driving force compared to the single surfactant
ones. When plotted against the thermodynamic parameter CPTD, a decreased driving force
was observed for the mixed systems. Similar behavior was also observed when adsorption
of SAE-15 was measured in these systems. Both driving force and adsorption were

correlated to CPTD - better wettability alteration and higher adsorption as a system moves

201



towards the cloud point. Spontaneous imbibition measurements were performed to observe
the effect of wettability alteration in oil-wet Indiana limestone cores.

Surfactant mediated imbibition resulted in additional oil recoveries over brine and
the extent of oil recovery was determined by the surfactant type, initial water saturation,
and brine salinity. A maximum oil recovery of 47% was observed for SAE-15 while with
co-surfactant a maximum oil recovery of 27% was observed. The maximum recoveries
were typically observed at a low initial water saturation of 10-20%. There was a steady
drop in oil recovery as the initial water saturation was increased indicating an optimum
range of saturations which correspond to high oil recovery. Addition of SO4% in the brine
had a positive effect on the oil recovery — approximately 10% and 3% incremental oil
recovery was observed at 1% SO.* concentrations for single and mixed systems,
respectively.

Oil recovery rates scaled by a modified dimensionless time exhibit reasonable
collapse in a universal rate curve and this can be used for reservoir scale estimations. The
ultimate oil recoveries when scaled by the system driving force generate a universal oil
recovery curve versus the initial water saturation and CPTD. With the information on

driving force these curves can be used to predict oil recoveries for similar systems.
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Chapter 7: Concluding Remarks

7.1. CONCLUSIONS

This dissertation focused on the study of surfactants which are amphiphilic
molecules with surface-active properties. Their ability to modify interfacial properties
makes them a critical component in different industrial applications. One such application
is in enhanced oil recovery from oil reservoirs where surfactants can alter rock properties
from an initial oil-wet to a water-wet state. This change in wetness leads to spontaneous
imbibition of aqueous phase and displaces the oil which is eventually recovered. Different
aspects of wettability alteration using surfactants were investigated using pore-scale
experiments and molecular-level simulations. A high-level summary and discussion on the
important findings from the study and their impact are highlighted in the following

sections.

7.1.1. Summary

e A simple and effective methodology was developed to evaluate nonionic surfactants
for wettability alteration
e The effect of surfactant molecular structure was investigated and several key structure-
property relationships were identified
o At fixed temperatures, surfactants with shorter hydrophilic groups of
oxyethylene chains exhibited better wettability alteration
o The closer the surfactant is to its cloud point, lower is the contact angle implying
better wettability alteration
o Greater adsorption corresponds to a higher wettability alteration
e Surfactants are adsorbed as micellar aggregates onto the surface instead of individual

molecules
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o Adsorption increases for surfactants with shorter hydrophilic groups
e Anionic hydrotropes raise the cloud point of nonionic surfactants, but lower the
wettability alteration and reduce the imbibition driving force.
e Oil recovery obtained from spontaneous imbibition experiments correlates with the

imbibition driving force.

7.1.2. Wettability alteration by nonionic surfactants on carbonates

Nonionic surfactants of two distinct groups were evaluated to measure their
wettability alteration properties on oil-aged calcite surface. The effect of surfactant
hydrophilicity was studied by varying the number of hydrophilic units. It was found that
wettability alteration was better for more hydrophobic surfactants and when the
temperature was increased. Kinetic analysis of contact angle measurements revealed
enhanced wettability alteration rates at higher temperatures. The activation energies or the
energy barriers associated with the wettability alteration process were determined and
together with a series of qualitative oil-film experiments, a simple conceptual model

explaining the mechanism of surfactant action was proposed.

7.1.3. Adsorption of nonionic surfactants on carbonates

Nonionic surfactants alter the wettability of oil-wet carbonate surfaces to a water-
wet state. The degree of surfactant adsorption is expected to determine the extent of the
wettability alteration. Furthermore, the structure of the hydrophobic and hydrophilic units
of the surfactant should affect the degree of adsorption and correlate with the wettability
alteration. The adsorption on Indiana limestone was measured for nonionic surfactants with

two different types of hydrophobic units and hydrophilic polyethoxylate units ranging from
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15 to 40 mers. Measurements were conducted for several surfactant concentrations and
temperatures. Adsorption increased with temperature and for surfactants with fewer
hydrophilic groups. The adsorption occurs as micelles rather than individual surfactant
molecules. An increase in adsorption is observed for the more hydrophobic surfactants at
higher temperature and is attributed to the increase in micelle sizes. Adsorption collapses
onto a universal curve as a function of the difference between cloud point of the surfactant
and system temperature. At the same time wettability alteration was found to have a direct
correlation with surfactant adsorption. These findings are critical for judicious selection of

nonionic surfactants for analysis and design of wettability alteration for oil reservoirs.

7.1.4. Mixed-surfactant Formulations for Wettability Alteration

In this chapter mixed-surfactant systems consisting of secondary alcohol
ethoxylates (SAE) and anionic cosurfactants are evaluated as wettability alteration agents
for enhanced oil recovery. The cloud points of the non-ionic surfactants are raised by the
addition of cosurfactants. The oil/water interfacial tension and contact angles of oil on
initially oil wet calcite are reported at different temperatures and surfactant compositions.
Adsorption experiments are performed for select mixed systems at high temperatures. The
extent of the increase in cloud point, changes in the contact angle and adsorption are
influenced by co-surfactant structure, concentration and temperature. Mixed surfactant
systems were identified which modified the oil-wet surface to water-wet with final contact
angles as low as 70°. The adsorption isotherms reveal that these co-surfactants decrease
adsorption of primary component (SAE) in mixed systems compared to single surfactant
systems. Based on the calculations of molar compositions two different mechanisms of
aggregate formation and adsorption are proposed. Like single surfactants, mixed

surfactants also exhibited a linear trend in adsorption and wettability alteration with the
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thermodynamic descriptor of cloud point temperature difference. These findings are critical
to design stable surfactant formulations for wettability alteration in high temperature, high

salinity reservoirs.

7.1.5. Molecular dynamics simulations for adsorption of nonionic surfactants on
carbonates

In this chapter the interactions and structure of secondary alcohol ethoxylates with
15 and 40 ethoxylate units in water near a calcite surface are studied. It is found that water
binds preferentially to the calcite surface. Prediction of the free energy landscape for
surfactant molecules shows that single surfactant molecules do not adsorb because they
cannot get close enough to the surface because of the water layer for attractive ethoxylate-
calcite or dispersion interactions to be significant. Micelles can adsorb onto the surface
even with the intervening water layer because of the integrative effect of the attractive
interactions of all the surfactant molecules. Adsorption is found to increase due to the
closer proximity of the micelles to the surface due to a weakened water layer at higher
temperatures. The free energy well and barrier values are used to estimate surface to bulk
partition coefficients for different surfactants and temperatures, and qualitative agreement
is found with experimental observations. The combined effect of surfactant-water and
surfactant-solid interactions are found to be responsible for an increased adsorption for

nonionic surfactants as the system approaches the cloud point.

7.1.6. Spontaneous Imbibition Tests for Wettability Alteration

Oil recovery tests were performed to evaluate the performance of different single
and mixed-surfactant systems. Contact angle and O/W IFT measurements were first used
to derive the capillary driving forces necessary for spontaneous imbibition. Oil-wet Indiana

limestone cores served as representative porous medium for the spontaneous imbibition
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measurements. Surfactant mediated imbibition resulted in additional oil recoveries over
brine and the extent of oil recovery was determined by the surfactant type, initial water
saturation, and brine salinity. A maximum oil recovery of 47% was observed with SAE-15
while a maximum oil recovery of 27% was observed for mixed surfactant systems. The
effect of initial water saturation was also studied, and it was found that there is an optimum
water saturation which corresponds to high oil recoveries. The positive effect of SO42 ions
on wettability alteration was also highlighted - approximately 10% incremental oil
recovery was observed at 1% sulfate concentration. Different scaling laws were used to
obtain universal recovery curves. The time-scaling corresponding to gravity-driven
imbibition process gave the best universal behavior. To obtain predictive tools for oil
recovery, the ultimate oil recoveries were scaled by system driving force to generate a

universal oil recovery curve versus the initial water saturation and CPTD.
7.2. SUGGESTED FUTURE WORK

7.2.1. Effect of oil composition on wettability alteration and oil recoveries

The composition of oil particularly the wettability-altering ingredients like
asphaltenes and fatty acids play a key role in determining the initial oil-wetness of a
surface.*® This is more important for carbonates where the positively charged carbonate
surfaces tend to have a strong affinity towards these polar components. Using model oils
with known compositions of polar molecules, a systematic study can be done to determine

their effect on final contact angle values and oil recoveries.

7.2.2. Effect of brine salinity and composition on wettability alteration

The importance of brine salinity has already been described in the text by studying

the effect of SO4% ions. Along with SO4%, other potential-determining ions like Ca?*, Mg?
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and COs* also effect the wettability alteration and this can be investigated.*® While the
brine salinity didn’t seem to have any significant effect in the current study, recent studies
have found that lower brine salinities’® combined with the presence of potential-
determining ions can improve wettability alteration.® Few studies have reported higher oil
recoveries from carbonates with low-salinity injections. Different explanations like change
in surface charge® and surface dissolution® have been provided by different works in the
past. The effect of surfactants in such low salinity brine can be investigated by a

combination of wettability alteration and adsorption experiments.

7.2.3. Effect of different combinations of surfactant chemistries

The current study investigates two different families of nonionic surfactants on their
performance in wettability alteration. In both the cases the hydrophilic groups are repeating
ethylene oxide units. Surfactant structure plays a critical role in determining the efficiency
as well as the mechanism of wettability alteration. The relative ease in manufacturing and
abundance of these surfactants make them quite attractive for large-scale applications.
These surfactants also exhibit desirable features like better compatibility with all other
surfactants and insensitiveness to electrolytes. As such, it is imperative to investigate other
families of nonionic surfactants like amine ethoxylates, acid ethoxylates, alkyl
polyglucosides and propoxylated surfactants. Limited studies have been done on some of
these families with promising results.’®® These surfactants can also be considered as a
secondary component in surfactant mixtures to improve the performance of the primary
component. Unlike ethoxylated surfactants, sugar-based nonionic surfactants like alkyl
polyglucosides exhibit increased solubility with temperature and can be used to promote

aqueous stability in a surfactant mixture. Similarly special nonionic surfactants like methyl
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ester ethoxylates display a high solubility along with a high interfacial activity — both
desirable features when considering a reservoir-based application.

lonic co-surfactants can also play an important role in imparting synergistic
behavior and increasing the efficiency and effectiveness of nonionic surfactants. This is
seen in Chapter 4 where the presence of anionic co-surfactants improved the aqueous
stability of primary nonionic surfactants. The vast body of available ionic surfactants
provides several different possible combinations of surfactant chemistries and this should
also be investigated keeping in mind the potential improvements in wettability alteration
and oil recovery performances, particularly at high temperatures and salinities. Studies
should be done where the co-surfactants actively effect wettability alteration and contribute
to the oil recovery. In fact studies done on surfactant mixtures containing both wettability-
altering and emulsion forming components have reported a better performance compared
to either one of them.}* The presence of small amount of cationic surfactants can also
potentially improve the performance of nonionic surfactants by contributing to desorption
of oil by forming ion-pairs. Along with wettability alteration, the adsorption of surfactants
should also be investigated to determine their efficiencies. So far, the wettability alteration
is found to be directly proportional to amount of surfactant adsorption. In order to optimize
surfactant formulations, it is necessary to achieve the desired wettability alteration at lower
surfactant adsorptions and different surfactant chemistries need to be evaluated to this end.
The shape of adsorbed surfactant aggregates plays a critical role in determining the
efficiency — a flattened structure with increased proximity to the substrate is expected to
exhibit better performance than a spherical one. Addition of secondary components is
known to initiate a transition in the shape of surfactant aggregates and this should be

investigated in detail.
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7.2.4. Molecular dynamics simulations to study the mechanism of wettability
alteration for different oil type and surfactant chemistries

MD simulations can be used to investigate the atomistic interactions between
organic components typically found in crude oil and mineral surfaces. In doing so, a
complete picture of the effect of different functional groups in altering the wettability of
initially water-wet mineral surfaces can be developed. Some of the works that have been
done in this direction have looked into calcite-carboxylate interactions.’>® MD
simulations can also look into the effect of surfactant on oil-wet mineral surfaces and help
understand the mechanism of wettability alteration. Most works on surfactant-solid-oil
interactions have focused on ionic surfactants and similar studies can be done for nonionic

surfactants also.2”-%0

7.2.5. Implementation of surfactant-based EOR pilots

The extent of oil recoveries observed in Chapter 6 from spontaneous imbibition
tests call for upscaling experiments to the reservoir scale. This can be done both
computationally and by establishing pilot plants for surfactant-based EOR. The existing
experimental data can be used in simulators like the University of Texas Chemical
Simulator (UTCHEM). UTCHEM is a 3D reservoir simulator that can model wettability
alteration and spontaneous imbibition during surfactant flooding.}* 2! Imbibition
experiments can be history-matched with simulations to generate unknown parameters
essential for reservoir-scale modeling.

In recent years, there have been few studies which have utilized the laboratory-
scale knowledge to implement field trials based on wettability alteration.??® Using
appropriate surfactant formulations in sandstone and ULR formations, additional oil

recoveries have been obtained in the order of 20% - 30%. Because of limited number of
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field-trials available for fractured carbonate reservoirs,?22° similar pilot tests need to be

implemented for carbonate formations also.
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Appendices

APPENDIX A: PHASE BEHAVIOR

Phase behavior and wettability alteration properties of two additional nonionic
surfactants, belonging to different families, were evaluated in this study. The structures of
the surfactants are shown in Table Al. Phase behavior of these surfactants at two different
brine salinities at 50°C are shown in Fig. Al. The clear solutions indicate the absence of
any emulsion formation under these conditions as also shown in the phase behavior table
A2. Fig. A2 shows the initial and final contact angles corresponding to these two
surfactants at 50°C and brine salinity of 12% NaCl + 0.2% CaCl,. The final contact angles
are in the range of 130° - 150° indicating very little wettability alteration. Because of this

low wettability alteration, they were not considered for further evaluation.

Table Al. Structure and specification of additional nonionic surfactants

Surfactant Name Specification
BG-10 Alkyl polyglucoside
RW-150 Amine ethoxylate
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Figure Al. Phase behaviors of a) BG-10 and b) RW-150 at 50°C

Table A2. Phase behavior results -

[ | - No microemulsion phase,
microemulsion, [ ] - Slight three-phase separation [l - Wax like deposition

B - Separate

Surfactant 2% 3% 4% 5% 6% 12%
BG-10 50°C | 50°C 50°C 50°C | 50°C 80°C 50°C 80°C
RW-150 50°C | 50°C 50°C 50°C | 50°C 80°C 50°C 80°C
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Figure A2. Initial and final contact angles at 25°C for a) BG-10 and b) RW-150
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APPENDIX B: ESTIMATION OF INCREMENTAL OIL RECOVERY AND SURFACTANT
REQUIREMENTS IN A RESERVOIR

Reservoir dimensions — 500m x 500m x 60m (250ft x 250ft x 500ft)
Porosity — 0.14

PV —2.1x10®m3

Oil saturation — 80%

Estimated adsorption — Radius of pores ~ \/g ~10%m

2.1x10°
Surface area ~ me ~2.1x 10" m?

With average adsorption of 1mg/m?, net adsorption comes around 10% kg
Incremental Oil recovery — ~30% =5 x 10° m® (3 x 108 bbls)

Incremental oil/Adsorbed surfactant — 3 x 102 bbl/kg
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